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Abstract
Temperature is the most frequently measured physical quantity in the world.
The field of thermometry is therefore constantly evolving towards better
temperature sensors and better temperature measurements. The aim of
this Ph.D. project was to improve an existing type of micro-mechanical
temperature sensor or to develop a new one. Two types of micro-mechanical
temperature sensors have been studied: Bilayer cantilevers and string-like
beam resonators. Both sensor types utilize thermally generated stress.
Bilayer cantilevers are frequently used as temperature sensors at the
micro-scale, and the goal was therefore to improve their sensitivity. Bilayer
cantilevers are usually made by coating a ceramic cantilever with a metal.
They were in this case coated with the polymer SU-8 to increase the sen-
sitivity. The measured sensitivity of the fabricated cantilevers turned out
to be one half of the expected value. The reduced sensitivity was due to
initial bending of the cantilevers and poor adhesion between the two can-
tilever materials. No further attempts were made to improve the sensitivity
of bilayer cantilevers.
The concept of using string-like resonators as temperature sensors has,
for the first time, been studied in details both theoretically and experi-
mentally. The measured sensitivity of silicon nitride, nickel and aluminum
strings scales in accordance with the theory. A relative change of -15±1 %/◦C
was demonstrated using low stressed aluminum strings. This value is more
than 100 times higher than values reported by other groups for similar de-
vices. A temperature resolution of 2.5×10−4 ◦C was achieved using high Q
silicon nitride strings. This temperature resolution is better than for other
types of micro-scale resonating temperature sensors.
The anelastic behavior observed for the strings was least pronounced
for the silicon nitride strings. This combined with their better temperature
resolution makes them the best temperature sensor candidate.
The concept of using a string-based photothermal spectrometer for micro-
and nano-particle detection has been investigated. Detection and identifi-
cation of single micro-particles have been demonstrated successfully using a
single color irradiation source. The current setup has the potential of detect-
ing single sub-micrometer particles. The detection of wavelength dependent
light absorption by micro-particles has also been demonstrated with success.
iii
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Dansk Resume´
Temperatur er den hyppigst m˚alte fysiske størrelse i verden. Af den grund er
der en konstant udvikling indenfor termometri hen imod bedre temperatur
sensorer og bedre temperatur m˚alinger. Form˚alet med dette Ph.D. projekt
har været at forbedre en eksisterende eller udvikle en ny type mikromekanisk
temperatur sensor. To forskellige typer mikromekaniske temperatur sensorer
er blevet undersøgt: Dobbeltlagede bjælker samt strenge-lignende bjælke
resonatorer. Begge typer sensor udnytter termisk generet stress.
Mikro-skala dobbeltlagede bjælker bliver ofte brugt som temperatur sen-
sorer. Derfor var form˚alet at forbedre følsomheden af dem. Normalt bliver
keramiske bjælker coatet med et lag metal, men i dette tilfælde blev de
coatet med SU-8 i forsøg p˚a at øge deres følsomhed. Følsomheden af bjæl-
kerne viste sig at være halvt s˚a stor som forventet. A˚rsagen til dette skyldes
at bjælkerne var kraftigt deformeret og at bindingen mellem de to bjælkelag
var nedsat. Der blev ikke gjort yderligere forsøg p˚a at optimere følsomheden
af disse strukturer.
Brugen af strenge-lignende resonatorer som temperatur sensorer er, for
første gang, blevet undersøgt i detaljer, b˚ade teoretisk og eksperimentelt.
Den m˚alte følsomhed af silicium nitrid, nikkel og aluminium strenge skaler
i overensstemmelse med teorien. En relativ ændring p˚a -15±1 %/◦C blev
demonstreret ved at bruge svagt forspændte aluminium strenge. Denne
værdi er over 100 gange højere end det, der er rapporteret af andre forsk-
ningsgrupper, for lignende strukturer. En temperatur opløselighed p˚a 2.5×
10−4 ◦C blev opn˚aet ved at bruge silicium nitrid strenge med høje Q faktorer.
Denne værdi er bedre end hvad der er opn˚aet for andre typer resonerende
mikro-mekaniske temperatur sensorer.
Strengene udviste en vis grad af anelasticitet, dog mindst udpræget for
silicium nitrid strengene. Dette kombineret med deres bedre temperatur
opløselighed gør dem til den bedste temperatur sensor kandidat.
Detektion og identifikation af individuelle mikropartikler er succesfuldt
demonstreret ved at anvende et strenge baseret fototermisk spektrometer.
Med det nuværende setup skulle det være muligt at detektere individuelle
partikler med en diameter p˚a under en mikrometer.
v
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Chapter 1
Introduction
Temperature is by far the most frequently measured physical quantity in
the world. It has impact on the physical, chemical and biological world
in numerous ways. Despite its importance, the history of making traceable
temperature measurements can only be dated 300-400 years back. Traceable
measurements of length and mass have been possible since the ancient Egypt
[1]. Galileo Galilei invented the first thermometer, the thermoscope, in the
beginning of the seventeenth century [2]. The invention of the thermoscope
was very important from a historical point of view but the practical use of it
was limited as the temperature scale was undefined. The first temperature
scale was defined by Gabriel Fahrenheit in 1724 and the introduction of it
revolutionized the world of temperature measures [2]. From that point it
was possible to compare two measured temperatures.
The field of thermometry has evolved a lot since the invention of the
first thermometer and the definition of the Fahrenheit temperature scale.
Today there exist a large number of temperature sensors which are calibrated
against the International Temperature Scale of 1990 (ITS-90). Even through
ITS-90 contains the word ”scale” in its name it is not a temperature scale. It
is an equipment calibration standard which provides fix points for calibration
of temperature sensors at temperatures between -272.50 ◦C and 961.78 ◦C.
Above 961.78 ◦C, Planck radiation law is used for the calibration [3].
The temperature sensors that are used today are either capable of mea-
suring absolute temperature or the difference in temperature between two
points. A thermocouple is an example of a temperature sensor which mea-
sures the difference in temperature between two points. The simplest version
of a thermocouple consists of two dissimilar conductors which are jointed
in one end. When the jointed end and the two free ends are placed at dif-
ferent temperatures a potential difference will be established between the
two free ends due to the Seebeck effect. The potential difference can be am-
plified by placing more thermocouples in series. Thermocouples are often
called the working horse in temperature measurements as they are cheap, ro-
1
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bust and with different devices, temperatures between -270 ◦C and 3000 ◦C
can be monitored. The drawback of using sensors that measure the differ-
ence in temperature between two points is that an additional temperature
measurement is needed for knowing the temperature of both points. For ab-
solute temperature measurements, resistance temperature devices (RTDs)
and thermistors are most often used. The working principle of RTDs and
thermistors is the same. The electrical resistance of them changes as a func-
tion of temperature. The difference between the two is that RTDs are made
from conductors and thermistors are made from semi-conductors [3].
Despite the popularity of thermocouples, RTDs and thermistors there
is still a need for other types of temperature sensors. This could be for
temperature mapping, remote temperature measurements, measurements
made without the consumption of electrical energy etc. Because thermal,
mechanical, optical, chemical, acoustical, electrical etc. properties of matter
are dependent on temperature to some extent, a wide variety of temperature
sensors have been developed. Describing the working principle of various
types of temperature sensors is beyond the scope of this introduction but a
review of temperature sensors can be found in reference [3].
The development in micro- and nano-fabrication techniques the last 50
years has opened up a new area within the field of thermometry. These
fabrication techniques allow for the fabrication of micro- and nanometer
sized temperature sensors. These sensors are interesting from a fundamental
research point of view but also from an industrial point of view. The smaller
size of the temperature sensors makes it possible to integrate them inside
living cells, micro-reactors, integrated circuits etc. [4–7]. The thermal mass
of the sensors is also reduced when the dimensions of them are reduced.
This combined with the smaller dimensions allows for investigating thermal
processes in smaller samples than possible before, as the amount of heat
needed to heat up the sensor becomes smaller. Smaller thermal masses
also means shorter time constants which can be utilized when investigating
thermal processes that occurs within a short time span.
The focus in this Ph.D. project will be on micro-scale temperature sen-
sors for room temperature measurements.
1.1 Miniaturized Temperature Sensors
Since physical and chemical properties of matters are dependent on temper-
ature, a large number of them have also been tried utilized in miniaturized
temperature sensors. Some attempts have resulted in sensors that are more
practical than others. One of the less practical examples is the miniaturized
version of the liquid-in-glass thermometer. Yihua Gao and Yoshio Bando
demonstrated in 1997 that a gallium filled carbon nanotube could be used
as a thermometer by monitoring the gallium level inside the nanotube as
2 T. Larsen
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(a) (b)
(c)
Figure 1.1: (a) Micro-calorimeter using a AuGe thermistor for temperature sensing. This
micro-calorimeter have been used for phonon-coupled heat capacity measurements [9]. (b)
Micro-calorimeter using a thermopile consisting of 6 thermocouples as temperature sensor.
This micro-calorimeter have been used for in situ investigation of vapor-deposited thin
films [10]. (c) Bridge micro-calorimeter using a thermistor made from boron doped silicon
as temperature sensor. This bridge micro-calorimeter have been used for detection of
explosives [11].
a function of temperature [8]. The readout was done using a transmission
electron microscope. More practical is the use of fluorescent nanoparticles or
nanogel [6,7]. The thermal response can be monitored by using a fluorescent
microscope.
Thermocouples, RTDs and thermistors are frequently used when elec-
trical contact be made. The reason is that they are easy to fabricate and
high temperature resolutions can be achieved. Microscale thermocouples,
RTDs and thermistors can be fabricated via a lithographical lift-off pro-
cess. The materials used for the sensors are deposited using one or more
physical vapor deposition processes [9,10,12–14]. A temperature resolution
of 10−5 ◦C have been achieved using vanadium oxide thin film thermis-
tors [14]. These sensors are often used as temperature sensors in different
types of micro-calorimeters which are used at cryogenic, room and high tem-
peratures [9, 10, 13–16]. Three examples of micro-calorimeters can be seen
T. Larsen 3
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(a) (b)
Figure 1.2: (a) SEM micrograph of an array of bilayer cantilever structures used for
detection of infrared light. The size of each cantilever pixel is 110×146 µm [28]. (b)
SEM micrograph of a micro-calorimeter using a resonating silicon cantilever as tempera-
ture sensors. This micro-calorimeter have been used for detection of heat production by
individual brown fat cells [41].
in Fig.1.1.
Another type of micro-scale temperature sensors is the micro-mechanical
temperature sensors. They are either based on changes in static deflection or
changes in dynamic properties. The most frequently used micro-mechanical
temperature sensor is the bilayer cantilever [17–34]. Bilayer cantilevers are
made from two materials which have different coefficient of thermal expan-
sion. The deflection of the cantilevers changes as a function of temperature
due to release of thermally induced stress in the structures. The change
in deflection and hence the change in temperature can be monitored using
integrated or non-integrated readout methods. One application of bilayer
cantilevers is in infrared sensors [22, 23, 28, 34]. Fig. 1.2a shows a typical
example of one of these sensors. Bilayer cantilevers have also been uti-
lized in micro-calorimeters [17,18,32]. Microdegree temperature resolutions
have been demonstrated by using bilayer cantilevers as temperature sen-
sors [19,32,35].
Resonating temperature sensors are based on changes in resonance fre-
quency, quality factor or the difference in resonance frequency between two
resonators [36–41]. These sensors are normally made from silicon based ma-
terials. Fig. 1.2b shows a SEM micrograph of a micro-calorimeter in which
temperature changes are determined by monitoring the resonance frequency
of a silicon cantilever. The cantilever is encapsulated inside a vacuum cavity
in order to reduce vibrational damping and hence increase the temperature
resolution. Resonating temperature sensors have also been used as temper-
ature sensors in frequency references. The temperature resolution achieved
using these devices is up to ∼10−3 ◦C [36–43].
Microdegree temperature resolution has been demonstrated by using
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Y-cut quartz resonators [44]. This high temperature resolution was not
achieved because of extraordinary large changes in the resonance frequency
per degree temperature. Y-cut quartz crystals has a temperature-frequency
coefficient of 80 ppm/◦C. It was achieved because of the high frequency reso-
lution achieved, better than 1 ppb. Processing of single crystalline quartz is
unfortunately not compatible with micro-fabrication which makes it difficult
to scale these structures down.
The status when comparing the temperature resolution of micro-scale
mechanical temperature sensors with the ones of micro-scale thermocou-
ples, RTDs and thermistors is that only the bilayer cantilevers can achieve
similar temperature resolutions. There are still two to three orders of magni-
tude in difference when comparing resonating micro-mechanical temperature
sensors with micro-scale thermocouples, RTDs and thermistors. Important
to have in mind when making this comparison it that micro-scale thermo-
couples, RTDs and thermistors are based on technologies that have been
explored for many years, up to 200 years. The oldest example of resonating
micro-mechanical temperature sensors found in the literature is only 5 years
old [36]. It is therefore believed that the gap in temperature resolutions will
be closed in the future due to more research in resonating micro-mechanical
temperature sensors. At some point, resonating micro-mechanical temper-
ature sensors might be a better solution than micro-scale thermocouples,
RTDs and thermistors. Micro-mechanical temperature sensors will be the
subject of this Ph.D. thesis due to the believed potential of them.
1.2 The NAMEC Project
This Ph.D. project is a part of NAMEC1 - a VKR Center of Excellence which
has been financed by the Villum Kann Rasmussen foundation. The NAMEC
project runs over a time period of 5 years and it has four partners: DTU
Nanotech, DTU Mathematics, DTU Electrical Engineering and KU Faculty
of Pharmaceutical Sciences. The aim of NAMEC is to develop new micro-
mechanical sensors and oral drug delivery systems. New sensors are needed
within medical and pharmaceutical research for fast and reliable analysis of
small volume samples. Such sensors could speed up the process of screening
multiple pharmaceutical candidates or enable faster and more accurate di-
agnostics. New oral drug delivery systems are needed for precise, accurate
and reliable delivery of pharmaceutical compounds. Improved drug delivery
systems could lead to more efficient treatment with fewer side effects.
This Ph.D. project belongs to the sensor part of the NAMEC project
which aims at developing micro-mechanical surface stress, mass and tem-
perature sensors. The reason for choosing micro-mechanical sensors is due
to their high sensitivity. The stress sensor being developed is a cantilever
1The acronym NAMEC stands for NAnoMEChanical
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based sensor which utilizes that surface stress generated on one side of it is
reflected in the deflection of it. This type of sensor can be used for study-
ing specific binding events between acceptor and receptor molecules. The
mass sensor being developed is based on changes in resonance frequency of
a cantilever due to added mass. The goal is to use this sensor for mass
spectrometry. The sensing principle of the temperature sensors developed
in this Ph.D. project relies on thermally generated stress. The goal is to
improve existing types of micro-mechanical temperature sensors or develop
new ones.
1.3 Thesis Outline
The aim of this Ph.D. project has been to develop micro-mechanical tem-
perature sensors as pointed out above. Initially, it was decided to focus on
bilayer cantilevers as excellent temperature resolutions have been demon-
strated using these structures. The goal was to improve the sensitive of
them which could lead to improved temperature resolution.
The idea of a new type of temperature sensor arose while studying the
bilayer cantilevers: The string-based temperature sensor. This sensor type
is based on temperature induced changes in the resonance frequency of a
pre-stressed doubly clamped beam. The dynamic behavior of the beam is
considered string-like because of the tensile stress in it. The build-in tensile
stress changes as a function of temperature because the string and the frame
spanning it expand differently with temperature. Since the resonance fre-
quency of the beam is a function of the tensile stress, changes in temperature
can be monitored by measuring its resonance frequency.
It was decided to change focus from the bilayer cantilevers to the string-
based temperature sensors because the concept looked promising. This
means that the majority of the Ph.D. thesis is used to describe the theory,
design, fabrication, characterization and application of string-based temper-
ature sensors.
1.3.1 Chapters Outline
Chapter 2: The theory describing the working principle of bilayer can-
tilevers is presented. This theory is used for designing bilayer can-
tilevers which are then fabricated and characterized.
Chapter 3: The general theory describing the free vibration of undamped
single and double clamped beams is presented. The chapter is con-
tinued by describing the undamped vibration of pre-stressed double
clamped beams. An expression describing the resonance frequency of
them as a function temperature is decided. The second part of the
chapter is used to describe the forced vibration of damped oscillators.
6 T. Larsen
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Chapter 4: The fabrication of pre-stressed beam resonators is described in
this chapter. This includes considerations regarding selection of beam
materials and the design of the used fabrication processes.
Chapter 5: Experimental setups used for characterizing the pre-stressed
beams are described in this chapter plus the setups used when inves-
tigating the concept of a string-based photothermal spectrometer.
Chapter 6: The use of pre-stressed beams as temperature sensors is ex-
perimentally investigated in this chapter. The temperature sensitiv-
ity of pre-stressed silicon nitride, nickel and aluminum beams of var-
ious dimensions is described. The temperature resolution that can
be achieved when using the three different types of resonators is also
presented.
Chapter 7: The investigation of changes in resonance frequency of strings
and cantilevers when they are locally heated by a laser beam is pre-
sented in this chapter. The origin of the characteristic behavior seen
for the strings and cantilevers is discussed.
Chapter 8: The detection of single micro particles by using strings as pho-
tothermal spectrometers is described in this chapter. The sensitivity
of the setup is first investigated via FEM simulations and then ex-
perimentally. The detection of single particles and different types of
single particles using a single color light source is presented plus the
detection of particles used three differently colored light sources.
Chapter 9: This chapter contains the conclusions drawn from the finding
made during this Ph.D. project plus the outlook for future work.
A number of appendixes are given in the end of the thesis. Appendix A
includes detailed process sequences for the fabrication of the different struc-
tures used during this Ph.D. project. Matlab scripts used for extracting
quality factors from measured ring-down curves and calculating the Allan de-
viation from frequency stability measurements are presented in Appendix B
and C. A detailed description of the temperature stage used for heating and
cooling chips is given in Appendix D. A list of publications made during
this Ph.D. project is given in Appendix E.
T. Larsen 7
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Bilayer Cantilevers
The use of bilayer beams or strips as temperature sensors or actuators can be
dated back to 1735 where the English clockmaker John Harrison used a strip
of two dissimilar metals in a clock escapement to account for the changes in
temperature on board a ship. Since then macroscopic bimetallic strips have
been used in numerous applications ranging from domestic appliances to
compensation in satellites [45]. The use of micro-machined bilayer beams or
cantilevers started in the 1980’s and they have been used extensively since
then in numerous applications [30,32,33,35,46–48].
The initial part of this Ph.D. project was used to explore bilayer can-
tilevers as temperature sensors. The results obtained will be presented in
this chapter. The first section will be used to describe the temperature
sensing principle of bilayer cantilevers and discuss how the sensitivity of
these structures can be improved. Fabrication of bilayer cantilevers, the
setup used for characterizing them and the obtained results are described
in the following three sections. The obtained results are summarized and
discussed in the fifth section. The final section will be used to explain why it
was decided to focus on string-based temperature sensors instead of bilayer
cantilevers.
2.1 Bilayer Cantilevers as Temperature Sensors
The basic principle behind bilayer actuators and temperature sensors is il-
lustrated in Fig. 2.1. A simple beam is made from two materials having
different coefficients of thermal expansion, α. When the beam structure is
heated or cooled, the two materials will expand or contract differently, hence
inducing asymmetric stress in the structure. If no external forces are ap-
plied, the structure will release the stress though a bending moment which
will bend the structure. The total out of plane displacement is significantly
larger than the individual expansion of the two materials. One end of the
beam is normally clamped and the change in deflection of the other end is
9
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Figure 2.1: Schematic representation of the bimetallic effect. A beam made from two
materials with different coefficient of thermal expansion, α, bends when it is heated. By
clamping one end, changes in temperature can be measured by measuring changes in the
tip deflection.
utilized for temperature sensing.
Temperature induced deflection of bilayer beams was described by Tim-
oshenko in 1925. He derived an expression for the radius of curvature (R) of
a bilayer beam as a function of temperature. For a cantilever with the length
L, the change in tip defection ∆z ≈ L2/2R due to a change in temperature
can be written as [49]:
∆z =
3L2(α1 − α2)∆T
t1 + t2

(
1 + t1t2
)2
3
(
1 + t1t2
)2
+
(
1 + t1E1t2E2
)(
t21
t22
+ t2E2t1E1
)
 (2.1)
where α1 and α2 are the coefficient of thermal expansion of the two
cantilever materials, ∆T is the change in temperature, t1 and t2 are the
thicknesses and E1 and E2 are the Young’s modulus of the two layer mate-
rials. Despite the complexity of the expression it can directly be seen that
the deflection per temperature change is increasing for increasing cantilever
length, difference in thermal expansion and if the thickness of the two layers
is decreased without changing the ratio between them. The ratio between
Young’s modulus of the two layer materials is also important. For cantilevers
with equally thick layers it is an advantage if this ratio is close to one.
Bilayer cantilevers are often made by depositing a metal on ceramic
cantilevers. This combination of materials limits the difference in thermal
10 T. Larsen
Chapter 2
expansion to a maximum of ∼30 ppm/◦C [50]. The difference in thermal
expansion can be increased significantly if one of the two materials is ex-
changed with a polymer. When combining ceramic materials with polymers
the difference in thermal expansion can be as high as 200 ppm/◦C [26]. For
this reason polymer coated ceramic cantilevers for temperature sensing have
been explored to some extent and reported in the literature [25, 26]. The
polymer coated cantilevers showed a larger temperature response than the
metal coated cantilevers.
One drawback when using polymers is their low Young’s moduli which
has a negative effect on the sensitivity. However, Lin et al. have demon-
strated that the use of fillers in the polymer layer can increase the stiffness
of the polymer layer and hence improve the sensitivity [25].
The use of polymer coatings makes it possibility to achieve higher sen-
sitivity and it was therefore decided to explore this type of structures in
greater details. Polymer coated cantilevers were therefore fabricated and
characterized afterwards.
2.2 Fabrication of Bilayer Cantilevers
To realize polymer coated cantilevers a process sequence had to be devel-
oped. It needed to contain three main elements: structuring of cantilevers,
coating and release of them. Coating can be done either before or after
the release. Coating of released cantilevers can be done by spray coating,
plasma enhanced vapor deposition, inject printing or by dropping a polymer
solution onto the cantilevers [25,26,51]. Coating before release can be done
by spin coating a polymer layer onto the cantilevers and then structuring
the polymer layer afterwards. If the polymer is photosensitive, structuring
of it can be done via a photolithography step. If not, plasma etching or
embossing techniques can be used. Spin coating was considered as the most
versatile method as it allows for the use of a large number of polymers and
the addition of fillers into polymer is also possible. However, spin coating
of polymers with fiber like fillers can lead to radial alignment of them. Spin
coating does also allow for uniform coatings. For these reasons spin coating
was chosen as the coating method. Structuring of the photosensitive poly-
mer SU-8 was well established in the Nanoprobes group and it was therefore
decided to use this polymer as the coating material.
Release of coated cantilevers can be done from the front side by an
isotropic etch or from the backside by an anisotropic etch. Release from the
front side is done by etching a cavity into the silicon. If the etched cavity is
not deep enough, the cantilevers could end up touching the bottom of the
cavity at a certain temperature. It was decided to release the cantilevers
from the backside as this will give the maximal freedom for deflection. Sili-
con rich silicon nitride was chosen as the cantilever material as it allows for
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the use of an oxide etch stop layer when releasing the cantilevers. Removal
of the oxide can be done in buffered hydrofluoric acid (BHF) afterwards
without etching the silicon nitride.
The optimal ratio between the thickness of the SU-8 and silicon nitride
layer is ∼3 when using following values for the stiffness of the two materials:
ESU−8=4 GPa and ESiNx=250 GPa [29,52].
A number of fabrication processes have been tried out in order to realize
SU-8 coated cantilevers. The initial idea was to make cantilever structures
in a LPCVD (Low Pressure Chemical Deposition) silicon rich silicon ni-
tride layer, coated them with SU-8 and then release them from the backside
in an anisotropic potassium hydroxide (KOH) etch. To prevent delamina-
tion of SU-8 due to exposure to KOH, the front side had to be mechanically
protected and the etch stopped at an oxide layer buried underneath the can-
tilever structures. The oxide membranes supporting the coated cantilevers
could then be removed in BHF. Despite several attempts no SU-8 coated
cantilevers were fabricated using this process. This process turned out to
be very vulnerable to broken membranes and fracturing of the wafers due
to the use of the mechanical front side protection.
Variations of this process were then tried out and one process turned
out to be successful. A schematic of this process can be seen in Fig. 2.2 and
the detailed process sequence can be seen in Appendix A. A 350 µm thick
double side polished 4” Si (100) wafer was used as substrate. a) A 1500 nm
thick thermal oxide was grown on both sides of the wafer and a 530±10 nm
thick LPCVD silicon rich silicon nitride (SiNx) was deposited on top of it.
b) The nitride and oxide on the backside were patterned using Reactive
Ion Etching (RIE) (SF6: 40 sccm, O2: 8 sccm, pressure: 80 mTorr, power:
30 W) and BHF, respectively. A 2.2 µm thick AZ5214e photoresist layer
patterned by UV photolithography was used as etch mask. c) 310 µm deep
cavities were etched into the silicon using a KOH etch (28 wt% @ 80 ◦C).
d) Cantilever structures were then defined in the silicon nitride on the front
side by RIE etching using a 2.2 µm thick AZ5214e photoresist as etch mask.
e) A 1.8±0.1 µm thick SU-8 2002 (MicroChem) layer was spun on top of
the cantilever structures and patterned using UV photolithography. f) The
remaining silicon underneath the cantilevers was etched in an anisotropic
RIE etch (SF6: 40 sccm, O2: 8 sccm, pressure: 80 mTorr, power: 30 W). g)
The oxide underneath the cantilevers was etched using BHF. The wafer was
dipped into ethanol after rinsing and then dried afterwards. This was done
in order to avoid that the cantilevers got stuck onto the silicon body.
An outline of the fabricated chips can be seen in Fig.2.3. Each chip
contains 8 equally long and 100 µm wide cantilevers separated with a spacing
of 150 µm. The designed lengths of the cantilevers are: 320, 450, 550, 630
and 710 µm. The chips can be separated from each other by utilizing 150 µm
deep break lines etched into the backside of the wafer during the KOH etch.
Optical micrographs of two of the fabricated chips can be seen in Fig. 2.4.
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Figure 2.2: Process sequence for fabricating of SU-8 coated silicon rich silicon nitride
cantilevers. a) Oxidization of silicon and deposition of LPCVD silicon rich silicon nitride,
b) pattering of backside silicon nitride and oxide by RIE and BHF etching using photoresist
as etch mask, c) anisotropic KOH etch, d) pattering of the front side silicon nitride by
RIE etching using photoresist as etch mask, e) spin coating of SU-8 and pattering of it
by UV photolithography, f) etch of remaining silicon underneath the cantilevers by RIE
etching, g) etch of oxide using BHF.
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Figure 2.3: Schematic representation of the chip design. All cantilevers are designed to
be 100 µm wide and with a length of 320, 450, 550, 630 or 710 µm. The eight cantilevers
are separated with a spacing of 150 µm.
All cantilevers are bent both along the length and the width. Bending of
the cantilevers is caused by release of stress generated during the fabrication
process. This stress is most likely generated during the SU-8 baking steps.
The SU-8 will contract when it is cooled down after baking but it cannot
contract freely as it is bonded to the silicon nitride and thermal stress is
therefore generated. It is clear from the two pictures that the bending of the
released cantilevers is far from uniform which is not optimal. Fabrication
of similar structures is hard and the performance of the cantilevers will
therefore be varying from cantilever to cantilever.
The SU-8 layer on the second cantilever from the left in Fig. 2.4b has
delaminated from the silicon nitride. This shows that the adhesion between
the two materials is not optimal. Delamination was not a common problem
but it was observed for some of the cantilevers. Poor adhesion will of cause
have an influence on the sensitivity as the sensing principle relies on ther-
mally generated stress caused by non-freely expansion of two materials. It
is therefore expected that poor adhesion will result in a reduced sensitivity.
Too large initial bending of the cantilevers is also not favorable as it can
complicate the readout of the deflection and the sensitivity will probably
also be reduced. As it can be seen from the optical micrographs, some of
the fabricated cantilevers were strongly bent and this was in fact a general
problem for most of the fabricated cantilevers. However, it was still possi-
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(a) (b)
Figure 2.4: (a) and (b) optical micrographs of the fabricated SU-8 coated silicon nitride
cantilevers.
ble to find cantilevers which deflection could be measured as a function of
temperature.
2.3 Experimental
The deflection of the analyzed cantilevers was determined using a white
light interferometer (MSA-500, Polytec GmbH). A Peltier element was used
to heat or cool the chips and the temperature of the Peltier element was
measured using a thermistor (10 kΩ @ 25 ◦C). A thermoelectric temperature
controller (LDT-5412, ILX Lightwave) was used to measure the resistance
of the temperature sensor and control the power of the Peltier element. The
deflection of the analyzed cantilevers was measured at temperatures between
20 ◦C and 50 ◦C in steps of 5 ◦C. The temperature was allowed to stabilize
for approximately 10 min before measuring the deflections. The deflection
versus temperature measurements were done in an ambient atmosphere and
in a nitrogen atmosphere. A nitrogen atmosphere was created by flushing
chamber containing the temperature setup with nitrogen.
2.4 Cantilever Deflection versus Temperature
The first deflection versus temperature measurements were carried out in
ambient atmosphere. Fig. 2.5 shows the change in deflection of three can-
tilevers as a function of temperature. The static upwards deflection of can-
tilever 1, 2 and 3 was 10.9, 28.3 and 30.2 µm, respectively, at 20 ◦C. The
large deflection of the cantilevers made it impossible to measure the tip de-
flection when using the white light interferometer. Deflections were therefore
measured 370 µm from the clamping of the cantilevers. It can be seen from
the graph that the bending of the cantilevers was increasing as the temper-
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Figure 2.5: Changes in deflection of three cantilevers as a function of temperature,
measured while they were placed in an ambient atmosphere. Triangles pointing upwards
and downwards represent the measured changes in deflection when the temperature was
swept from 20 ◦C to 50 ◦C and from 50 ◦C to 20 ◦C, respectively. Deflections were
measured 370 µm from the clamping of the cantilevers.
ature was raised from 20 ◦C to 35 ◦C and then decreasing again from 35 ◦C
to 50 ◦C. The stronger response to temperature changes observed for can-
tilever 1 compared to the two others could be related to the less pronounced
initial bending. According to Eq. 2.1 the change in the deflection should
be unidirectional as function of temperature. Since the SU-8 was placed on
top of the silicon nitride, the deflection was expected decrease as a function
of temperature. However, the opposite trend was observed from 20 ◦C to
35 ◦C. This unexpected behavior was repeatable from chip to chip and it
was not influenced by the direction of the temperature sweep.
The observed deflection versus temperature behavior is a combination of
thermal expansion/contraction and water desorption/absorption from the
polymer matrix. It is known that SU-8 placed in a humid atmosphere will
swell due to the absorption of water [53]. Heating of the cantilevers will
result in desorption of water from the polymer matrix. This will make
the SU-8 shrinkage and a bending moment will be created. This bending
moment is in the opposite direction of the one created by the thermal ex-
pansion. The absorption/desorption of water from the SU-8 polymer matrix
has previously been utilized in a SU-8 based humidity sensor [53].
In order to avoid the humidity effect, the deflection versus temperature
measurements were subsequently carried out in a nitrogen atmosphere. The
change in deflection of three cantilevers as a function of temperature can be
seen in Fig. 2.6. The deflections were in this case measured 200 µm from
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Figure 2.6: Changes in deflection of three cantilevers as a function of temperature,
measured while they were placed in a nitrogen atmosphere. The triangles pointing upwards
and downwards represent the measured changes in deflection when the temperature was
swept from 20 ◦C to 50 ◦C and 50 ◦C to 20 ◦C, respectively. The dashed lines are linear
fits of the measured data. Deflections were measured 200 µm from the clamping of the
cantilevers.
the clamping of the cantilevers. Before initiating the measurements the
cantilevers were heated up to 50 ◦C and maintained at this temperature for
15-20 min in order to drive out water absorbed by the polymer matrix. The
use of the initial heating treatment resulted in a reduction of the hysteresis
seen when doing the measurements without it. The deflection of cantilever
4, 5 and 6 at 20 ◦C was 21.2, 21.3 and 17.7 µm, respectively. The deflection
of the three cantilevers was decreasing linearly with increasing temperature,
showing the behavior expected from Eq. 2.1. This behavior is repeatable
from chip to chip and it is not affected by the direction of the temperature
sweep.
Linear fits of the three curves in Fig. 2.6 have slopes varying from
−180 nm/◦C to -253 nm/◦C. The analytical model can be used to calcu-
late the expected change in deflection per degree temperature change if the
coefficient of thermal expansion and Young’s modulus is known for the two
materials. When searching the literature for these constants, the found val-
ues can differ quit a lot. For silicon rich silicon nitride the found values for
Young’s modulus are ranging from 100 GPa to 385 GPa and for the thermal
expansion from 0.8 ppm/◦C to 2.1 ppm/◦C [22, 23]. For SU-8 the values of
Young’s modulus are ranging from 2.7 GPa to 4.5 GPa and the coefficient
of thermal expansion from 48 ppm/◦C to 102 ppm/◦C [52, 54]. Using the
extreme of the found values, the change in deflection per degree tempera-
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ture change, of a cantilever matching the dimensions of the analyzed ones, is
expected to be between -464 nm/◦C and -1153 nm/◦C. The reason why the
fabricated cantilevers show lower temperature sensitivities than expected
can be due to initial bending of the cantilevers both along the length and
the width. The analytical expression is most accurate for small deflections
and it assumed that bending along the width of the cantilever can be ne-
glected. At 20 ◦C, one of the cantilevers showed a bending of approximately
3.9 µm from the center to the edge. The effect of transverse bending can
be reduced by reducing the cantilever width. However, the main reason for
the low sensitivities is probably the poor adhesion between SU-8 and silicon
nitride.
Lin et al. have fabricated aluminum coated silicon nitride cantilevers
and measured the deflection of them as a function of temperature [29]. The
measured sensitivities corresponds to ∼1.6 µm/◦C for a 200 µm long can-
tilever. Here it is assumed that the change in deflection per degree temper-
ature change scales with the length squared as predicted by the analytical
model. The thickness of the silicon nitride and aluminum was 200 nm. The-
oretically it should be possible to achieve a least the same sensitivity if the
aluminum is exchanged with SU-8. LeMieux et al. have measured a temper-
ature response of ∼1 µm/◦C for a 300 µm long polystyrene (α>200) coated
silicon cantilever [26]. Scaling the length to 200 µm the sensitivity would
be ∼440 nm/◦C. The thickness of the silicon cantilever and the polystyrene
coating was ∼1.2 µm and ∼200 nm, respectively. The lower sensitivity com-
pared to the aluminum coated cantilevers is due to the less optimal ratio
between the thickness of the two layers. For optimal layer thicknesses a
polystyrene coated silicon nitride cantilever would be ∼4 times more sensi-
tive than one coated with aluminum.
By looking at the results from the fabrication process and the measured
sensitivities, it is obvious that the used fabrication process is not ideal and
it has to be changed before cantilevers of a good quality and high sensitivity
can be realized. There are two main issues in the used fabrication process:
i) Bending of the cantilevers after release and ii) poor adhesion between the
two cantilevers materials. Both are believed to have a negative effect on the
sensitivity. The reason for the bending is most likely due to the use of baking
steps after coating of the cantilevers. Since the goal is to fabricate highly
temperature sensitive structures, fabrication at elevated temperatures, after
coating of the cantilever, will always be a challenge. To avoid baking steps
and fabrication after coating, spray coating of released cantilevers might
be a better solution. However, evaporation of solvent from the spray coated
material can also lead to bending of the cantilevers. The use of spray coating
could also have a positive effect on the adhesion between the two cantilever
materials as processing causing delamination or partly delamination is not
needed after coating of the cantilevers.
The focus has so far been on improving the sensitivity of bilayer can-
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tilever in order to improve the temperature resolution. However, the tem-
perature resolution is not only dependent on the sensitivity, it is also depen-
dent on the noise in the cantilever deflection measurements. The dominating
noise when using a stat of the art optical detection system will be the ther-
mal vibration of the cantilevers [19]. Hence, the next step in the analysis
of the cantilevers, if the sensitivity had been improved, would have been to
measure the thermal noise vibration of the cantilevers. This was not done
due to the poor quality of the cantilevers.
2.5 Summary
The concept of using bilayer beams for temperature sensing was described
in the beginning of this chapter. The temperature sensitivity is dependent
on the coefficient of thermal expansion, Young’s modulus and thickness of
the two layers plus the length of the beam. For increasing the temperature
sensitivity, it was suggested to use polymer coated ceramic cantilevers in-
stead of metal coated ceramic cantilevers as this would lead to an increased
difference in the thermal expansion of the two cantilever materials.
To try out the concept of using polymer coated cantilevers for temper-
ature sensing a process sequence was designed for the fabrication of SU-8
coated silicon nitride cantilevers. No SU-8 coated cantilevers were realized
using the initial process due to insufficient protection of the front side dur-
ing the KOH etch. SU-8 coated cantilevers were realized by using RIE and
BHF etching for the final release. The fabricated cantilevers turned out to
be bent along the length and the width and the adhesion between the SU-8
and the silicon nitride was poor. In order to obtain bilayer cantilevers of a
better quality it has been suggested to coat the cantilevers after they have
been released by spray coating.
The effect of water absorption and desorption from the polymer turned
out to dominate the response of the cantilevers at temperatures between
20 ◦C and 35 ◦C. The sensitivities measured in a nitrogen atmosphere were
only half of the expected value. The main reasons for this are believed
to be poor adhesion between the SU-8 and the silicon nitride and bending
along the length and the width of the cantilevers. The poor quality of the
cantilevers is the reason why it was not possible to achieve sensitivities that
are comparable or better than the ones obtained for metal coated cantilevers.
2.6 Choosing Between Cantilevers and Strings
During the fabrication and characterization of SU-8 coated cantilever the
idea of using string-like beam resonators as temperature sensors arose. As
pointed out in the introduction chapter the majority of the work done during
this Ph.D. project has been focusing on string-based temperature sensors.
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This section will be used to compare the two sensor types and explain why
it was decided to focus on the strings instead of the bilayer cantilevers.
Both sensor types have their pros and cons when comparing them to
each other. The sensitivity of the bilayer cantilevers and string is propor-
tional to the length squared and the inverse of the length, respectively. The
analytical expression for the sensitivity of strings will be derived in the next
chapter. From a miniaturization point of view the strings are therefore more
attractive.
The generation of thermal stress when fabricating bilayer cantilever is
a problem and this problem will only be more pronounced the more sensi-
tive the cantilevers become. Stress generated during the fabrication is not
a problem for the strings; it is in fact a requirement to insure string-like
behavior of the beams.
Temperature changes are reflected in the deflection of bilayer cantilevers
and the resonance frequency of strings. The achievable temperature reso-
lution is therefore more sensitivity to the environment when using strings
compared to bilayer cantilevers. The vibration of the strings is damped
if they are immersed into viscous fluids. This will have a negative effect
on the frequency resolution. Hence, bilayer cantilevers are therefore more
interesting for a larger number of applications.
If optical readout methods are used, large deflections of bilayer can-
tilevers can limited the range of operation. This problem does not occur for
the strings. They can be used as temperature sensors as long as they are
pre-stressed. The achievable dynamic range of strings might therefore be
larger than for bilayer cantilevers.
The concept of using bilayer beams as temperature sensors has been
explored in almost 300 years and at the micro-scale for more than 20 years
[45, 46]. The concept of using pre-stressed beam as temperature sensors
is not well described in the literature. In fact no papers describing this
concept were found in the literature when the idea arose. The first paper
describing it was published by Pandey et al. in May 2010 [38]. The strings
were therefor more interesting from a fundamental research point of view.
It was decided to focus on the string-based temperature sensor because it
looked like a promising concept and because it was more interesting from a
fundamental research point of view. The following chapters will therefore be
used to describe the concept in greater details, the fabrication of string-like
resonators, characterization of them and a possible application.
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Beam Theory
Understanding the resonating behavior of micro-beams is essential when
exploring the use of them as temperature sensors. This chapter will therefore
be used to present some general beam theory and the starting point will be
the equation of motion for an undamped beam. Solutions to this equation,
in four special cases, will be presented and an expression for the temperature
dependent resonance frequency of a pre-stressed beam will be deduced. The
second section will be used to describe the forced vibrations of a damped
oscillator. This will lead to the description of damping in pre-stressed beam
which is given in the final part of this chapter1.
3.1 The Beam Equation
The equation of motion of a stress free beam, as the one depicted in Fig. 3.1,
which has a length L, width w and hight h is given by the Euler-Bernoulli
beam equation [56]:
EI
∂4U(x, t)
∂x4
+ ρA
∂2U(x, t)
∂t2
= 0, (3.1)
where U(x, t) is the displacement of the beam as a function of the po-
sition along the beam and time, E Young’s modulus, I the area moment
of inertia, ρ the mass density and A = wh the cross sectional area of the
beam. This model is valid if the beam is made from a linear elastic material,
the deflections are small and the length to high ratios is larger than 10. A
large aspect ratio implies that rotational inertia and shear deformations can
be neglected. Solutions to this differential equation can be found by using
the separation of variable approach. The displacement function can then
be written as a product of a spatial varying function and a time varying
function: U(x, t) = φ(x)exp(−iωt) where ω is the eigenfrequency. Inserting
1The chapter is to a large extend based on materials found in [55–57]
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Figure 3.1: Schematic of a double clamped beam with length L, width w and hight h.
this into the differential equation and performing the differentiations plus
dividing out the exponential functions gives
d4U(x)
dx4
= κ4U(x), with κ4 =
ω2ρA
EI
(3.2)
The displacement functions for this simplified beam equation can be
written as
Un(x) = An cos(κnx) +Bn cosh(κnx) + Cn sin(κnx) +Dn sinh(κnx) (3.3)
Using the boundary conditions for a double clamped beam, U(0, t) =
U(L, t) = 0 and U ′(0, t) = U ′(L, t) = 0, the shape functions have to fulfill the
following condition in order to give nontrivial solutions: cos(κnL)cosh(κnL)=
1. Solutions for n = 1, 2, 3, n > 3 are λn = κnL = 4.7300, 7.8532, 10.9956
and (2n + 1)pi/2. The eigenfrequency of a double clamped beam is then
given as
ωn =
λ2n
L2
√
EI
ρA
, n =, 1, 2, 3, ... (3.4)
and for a beam with a rectangular cross section as
ωn = λ
2
n
h
L2
√
E
12ρ
, n =, 1, 2, 3, ... (3.5)
This equation is also valid for a cantilever, a beam only clamped in one
end, with the use of different λn values. The boundary condition for a
cantilever is U(0, t) = 0, U ′(0, t) = 0, U ′′(L, t) = 0 and U ′′′(L, t) = 0 and
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the shape functions have to fulfill the following condition to give nontrivial
solutions: cos(κnL)cosh(κnL)=-1. Solutions for n = 1, 2, 3, n > 3 are λn =
κnL = 1.8751, 4.6941, 7.8548 and (2n− 1)pi/2.
Eq. 3.1 and the solutions to it are only true as longs as there is no tensile
stress in the structure. To be able to describe a beam with a build in tensile
stress the equation of motion has to be modified and it can then be written
as:
EI
∂4U(x, t)
∂x4
−N ∂
2U(x, t)
∂x2
+ ρA
∂2U(x, t)
∂t2
= 0, (3.6)
where N = σA is the tensile force. This equation can be solved by
using the same approach and boundary conditions as before. However, the
shape functions and the condition they have to fulfill are more complex than
before as the shape functions are now dependent on the tensile force. An
approximated solution for a tensile stressed double clamped beam can be
obtained if the boundary conditions are changed to those for a double pinned
beam, U(0, t) = U(L, t) = 0 and U ′′(0, t) = U ′′(L, t) = 0. This change will
give an error in the shape functions which will be most pronounced at the
clamping regions. This approximation is therefore only valid for very long
and very thin beam (L/h 10). Solving Eq. 3.6 using these new boundary
conditions gives eigenfrequencies that equal
ωn =
λ2n
2piL2
√
EI
ρA
√
1 +
σAL2
λ2nEI
(3.7)
where λn = npi are solutions to the characteristic equation. When the
tensile stress becomes sufficiently high, 12σL2  (npi)2Eh2, the flexural
rigidity can be neglected and the dynamic behavior becomes string-like. In
this case Eq. 3.7 reduces
ωn =
npi
L
√
σ
ρ
(3.8)
The displacement functions, independent on the level of stress, of the
pinned beam will be of form
U(x) = An sin
(npi
L
x
)
(3.9)
As it has already been pointed out that these solutions to the equation
of motion are approximated solutions and the eigenfrequencies calculated
using Eq. 3.7 or Eq. 3.8 will therefore contain an error. The level of this error
has been investigated by comparing calculated eigenfrequencies with those
obtained by finite element simulations. Fig. 3.2 shows the error, with respect
to the simulated values, when calculating the eigenfrequency of a 500 µm
long, 15 µm wide and 200 nm thick silicon nitride string as a function of
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Figure 3.2: Error between eigenfrequencies of a 500 µm long, 15 µm wide and 200 nm
thick silicon nitride beam determent by finite element simulations and the two analytical
expression given in Eq. 3.7 and Eq. 3.8 as a function of the tensile stress in the beam.
the tensile stress. It can be seen that the error is approximately -1% when
the tensile stress exceeds 200 MPa. Below 10 MPa the error starts to be
significant and it exceeds -10% when the tensile stress is below 1 MPa.
Another result from this comparison is that the two analytical expressions
give more or less identical values when they are most valid and in this case
the dynamic behavior of the beam approaches a string-like behavior. The
level of the error is also dependent on the dimension of the beam and for a
fixed level of tensile stress the error becomes larger for shorter and thicker
beams.
3.2 Temperature Dependent Eigenfrequency
In the previous section it was verified that the eigenfrequency of a dou-
ble clamped beam becomes string-like when it contains a sufficiently high
amount of tensile stress. The eigenfrequency is defined by the length, mass
density and tensile stress in the beam. Different thermal expansion of the
beam and the frame clamping it will make the strain of the beam temper-
ature dependent. This will result in a temperature dependent tensile stress
and the eigenfrequency will therefore also be a function of temperature. If
the beam and the frame expand linearly with temperature the temperature
dependent strain is given as
ε(T ) = ε0 − (αB − αS)(T − T0) (3.10)
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where ε0 is the strain at temperature T0, T the temperature and αi the
coefficient of thermal expansion of the beam (B) and the support (S). Stress
and strain are related to each other via Hook’s laws if the beam is made
of a linear elastic material and the strain does not exceed the elastic limit.
When this is true, the temperature dependent stress can be defined as
σ = Eε(T )
σ = E(ε0 − (αB − αS)(T − T0))
σ = σ0 − E(αB − αS)(T − T0) (3.11)
Inserting the temperature dependent stress into Eq. 3.8 and dividing the
result by 2pi the temperature dependent eigenfrequency in hertz can be
approximated by
fn =
n
2L
√
σ0 − E0(αB − αS)(T − T0)
ρ
(3.12)
In this approximation temperature induced changes in length, Young’s mod-
ulus, coefficients of thermal expansion and density have been neglected. For
a real beam it can be expected that the length and the coefficients of thermal
expansion will be increasing with temperature and that Young’s modulus
and density will be decreasing with temperature. Therefore neglecting these
changes will introduce an additional error when estimating the resonance
frequency. The size of this error depends on the nature of the materials
used for the beam and the frame and the magnitude of the temperature
change. For a 500 µm long nickel beam, supported by a silicon frame, with
a tensile stress of 200 MPa the error for a temperature change of 10 ◦C will
be 0.08 % and it is increasing for larger temperature changes. Following val-
ues have been used for Young’s modulus and the two coefficients of thermal
expansion at T0: 207.1 GPa, 13.4 ppm/
◦C and 2.6 ppm/◦C. The variation
of them with respect to temperature have been set to 0.13 %/◦C, 0.09 %/◦C
and 0.42 %/◦C. All values are based on experimental data reported in the
following three references [58–60].
The temperature sensitivity of a tensile stressed beam can be written as
S =
∂fn
∂T
=
−nE(αB − αS)
4Lρ
√
(σ0 − E(αB − αS)(T − T0))/ρ
(3.13)
and when T = T0 it reduces to
S =
∂fn
∂T
∣∣∣∣
T=T0
=
−nE(αB − αS)
4L
√
ρσ0
. (3.14)
From these two expressions it can be seen that the temperature sensi-
tivity of a tensile stressed beam will be increasing for increasing resonant
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Figure 3.3: An illustration of a forced damped harmonic linear oscillator. A mass it
attached to a mass less spring and dashpot in parallel with each other. A time varying
force is applied to the mass.
mode number, Young’s modulus and difference in thermal expansion and
for decreasing length, mass density and pres-tress. The sensitivity will also
be increasing with temperature if the beam has a higher coefficient of ther-
mal expansion than the frame clamping it. The opposite will be the case
if the frame has a higher coefficient of thermal expansion than the string.
Despite the uncertainty of the model, it is still a useful tool when designing
a temperature sensor based on a tensile stressed beam. It gives valuable in-
formation about how the different material properties, level of tensile stress,
resonant mode number and string length affect the temperature sensitivity.
The same information can also be obtained by more time consuming finite
element simulations.
3.3 Damped and Forced Vibrations
The previous sections were used to describe the free vibration of a beam
with and without tensile stress. In this case, the periodic energy conversion
between potential energy, stored in terms of deformation energy, and kinetic
energy takes placed without any dissipation of energy. This means that the
total energy of the system remains constant at any time. Vibration of a
real beam will always be resisted by dissipative forces which will lead to a
dissipation of energy from the beam, hence the amplitude of the vibration
will decade over time. Different types of damping mechanisms are: viscous
damping, surface loss, thermoelastic damping, material damping etc. [52].
As a consequence of this damping, vibration can only be maintained if a
force it applied.
The forced vibration of a damped system can be modeled as a damped
harmonic linear oscillator where a mass is attached to a mass less spring and
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Figure 3.4: (a) vibration amplitude as a function of the driving frequency for different
damping ratios. (b) phase lag of forced vibration as a function of the driving frequency
for different damping ratios.
dashpot in parallel with each other. An illustration of such a system can be
seen in Fig.3.3. The spring represents the relation between the displacement
and the restoring force. The dashpot represents the damping force which
is assumed to be proportional to the velocity of the moving mass. If a
sinusoidal force is applied to the mass the differential equation describing
the vibrating system can be written as
m
d2x
dt2
+ c
dx
dt
+ kx = F0 sin(ωt) (3.15)
where m is the mass, c the coefficient of the damping force, k the spring
constant and F0 the force amplitude. The radial frequency for the undamped
system is given as ω20 = k/m and the coefficient of damping as nc = c/2m. If
it is assumed that the stable forced vibration is of the form x = B sin(ωt−ϕ),
the amplitude and the phase lag of it can be written as
B =
F0/m√
(ω20 − ω2)2 + 4n2cω2
(3.16)
and
ϕ = arctan
2ncω
ω20 − ω2
. (3.17)
The ratio ζ = nc/ω0 is normally referred to as the damping ratio. The
amplitude and the phase lag of a forced vibration as a function of the driving
frequency for different damping ratios can be seen in Fig.3.4. For damping
ratios above 0.707 the resonance peak disappears. For low driving frequen-
cies the phase lag is close to zero, it equals pi/2 at the natural eigenfrequency
of the system and it approaches pi at higher frequencies.
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3.3.1 Resonance Frequency and Quality Factor
The vibrational behavior of a mechanical structure is normally described by
its resonance frequency, ωr, and the quality factor, Q. The resonance fre-
quency tells at which frequency the vibrational amplitude reaches its max-
imum and the quality factor describes the sharpness of the resonance peak
which is related to the damping of the system. It can be seen from Fig.3.4
that the resonance frequency of a slightly damped system is near the eigen-
frequency. The value of it can be found by taking the derivative of Eq. 3.16
with respect to the driving frequency and setting it equal to zero which will
give following expression
ωr =
√
ω2o − 2n2c = ωo
√
1− 2ζ2 (3.18)
A resonance frequency peak exists only for ζ < 0.707 and it disappears
at higher damping ratios, as mentioned above. The quality factor is defined
as the ratio between the total energy stored in the system divided by the
energy lost during one oscillation cycle:
Q = 2pi
W
∆W
(3.19)
The total energy stored in the system can be found by calculating the
maximal kinetic energy. For a displacement function of x = B sinωrt the
maximal kinetic energy equals
W =
1
2
m
(
dx
dt
)2
=
1
2
mA2ω2r (3.20)
The energy lost is found by integrating the work done by the damping
force, Fd = −cdx/dt during one cycle of oscillation
∆W = −
∫ 2pi/ωr
0
Fd
dx
dt
dt =
∫ 2pi/ωr
0
c(
dx
dt
)2dt = picA2ωr (3.21)
The quality factor, Eq. 3.19, can now be rewritten as
Q =
mωr
c
(3.22)
and as
Q =
√
1− 2ζ2
2ζ
(3.23)
if ωr ≈ ω0. For low damping ratios the expression for the quality factor
reduces to Q = 1/2ζ. From a sensor application point of view it is favorable
to have a high quality factor, low damping, as the resonance peak is sharp
which enables higher frequency resolution.
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3.4 Quality Factor of Pre-Stressed Beams
The quality factor of pre-stressed beams is not only given by the ratio be-
tween the energy stored (Wbending) and lost (∆Wbending) due to bending
which is the case for non-stressed beams. It is also dependent on the elas-
tic energy stored (Wtension)in the beam tension. The quality factor of a
pre-stressed beam can be written as [61]
Qstr = 2pi
Wtension +Wbending
∆Wbending
. (3.24)
when the energy lost due to elongational damping mechanism can be
neglected [61]. The energy stored in the flexural bending can be neglected
when the build-in tensile stress becomes sufficiently high and Eq. 3.24 can
then be rewritten as [61]
Qstr ≈ Wtension
Wbending
·Qbending
≈
1
2σA
∫ L
0
(
∂
∂xu(x)
)2
dx
1
2EI
∫ L
0
(
∂2
∂x2
u(x)
)2
dx
·Qbending (3.25)
where σ is the tensile stress, A the cross sectional area, L the length, E
Young’s modulus, I the area moment of inertia and u(x) the bending mode
shape. Qbending is related to the quality factor of the relaxed beam. To solve
the two integrals in a sufficient way it is important to include bending near
the clamping regions in the mode shape of the beam. Schmid et al. have
demonstrated that an approximation of the mode shape can be obtained by
assuming cantilever-like deflection near the two clamping regions and string-
like deflection in between them. By following this approach the quality factor
of a string can then be written as [61]:
Qstr =
[
Wbend−string
Wtension
+ 2
Wbendcantilever
Wtension
]−1
Qbending
=
[
(npi)2
12
E
σ
(
h
L
)2
+ 1.0887
√
E
σ
h
L
]−1
Qbending. (3.26)
where n is the resonant mode number and h the thickness of the beam.
From Eq. 3.25 and Eq. 3.26 it is clear that the quality factor is enhanced by
the tensile stress in the beam. This means that the tensioning of the beams
needed to realize the string-base temperature sensor also has a positive effect
on the dynamic properties of them. Better dynamic properties can lead to
a higher frequency resolution and hence a higher temperature resolution.
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3.5 Summary
This chapter has been used to present the general theory describing the
undamped free vibration of double and single clamped beams. For the dou-
ble clamped beams the influence of tensile stress on the eigenfrequency has
also been described and results from the two analytical expressions have
been compared to results obtained by finite element simulations. Based on
this comparison, the analytical expressions are considered valid for long and
thin beams with high tensile stress. The expression for the eigenfrequency of
tensile stressed beams has been modified in order to account for changes in
the temperature. The forced vibration of damped oscillators has also been
treated and the resonance frequency and quality of such a vibration have
been defined. The final section used to describe the quality factor of pre-
stressed beams. Tensioning of the beams turned out to has a positive effect
on the quality factor which can be reflected in the temperature resolution
of the string-based temperature sensors.
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Fabrication of String
Resonators
The analytical expression for the temperature sensitivity of a string-like res-
onator, Eq. 3.13, states that the sensitivity increases with increasing mode
number, Young’s modulus, and difference in thermal expansion, and/or by
reducing the length, pre-stress and mass density. To analyze the sensitiv-
ity of string-like resonators, different types of pre-stressed double clamped
beams needed to be fabricated. Two different fabrication processes, both
based on standard micro-fabrication techniques, have been developed to give
tensile stressed double clamped beams. The following sections will be used
to describe: i) some considerations when selecting string materials, ii) the
selection of them and iii) the three fabrication processes used for fabricating
string-like resonators.
4.1 Selection of String Materials
Several aspects of the string-based temperature sensors have to be considered
when designing a fabrication process for realizing string-like resonators. The
most important ones will be describe here which will lead to the selection
of three string materials.
Since the sensing principle relies on changes in tensile stress, the beams
have to be tensile stressed at the end of the fabrication process. Stress
in deposited or grown thin film is normally due to: a mismatch in the
coefficient of thermal expansion of the film and its substrate, a mismatch in
the lattice of the two, nonuniform plastic deformation, impurities and growth
processes. Depending on the origin of the stress it is categorized either as
intrinsic or extrinsic stress. Intrinsic stress also known as growth stress
develops in the thin film during the nucleation and the following growth of
it. Extrinsic stress is due to unintended external factor such as temperature
or deformation of the wafer during film deposition/growth [62]. Stress in
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a deposited or grown film can be compressive or tensile. If the chosen
string material turns out to be compressive stressed after deposition/growth
annealing can in some cases be used to remove it and induce tensile stress.
The wanted level of tensile stress has to be considered as the sensitivity
decreases with increasing stress. Some materials like stoichiometric LPCVD
silicon nitride tend to be highly stressed, > 800 MPa, after deposition.
A thermally induced change in the tensile stress of a string is a product
between Young’s modulus of the string, the difference in thermal expansion
of the string and its support and the change in temperature. To maximize
the sensitivity Young’s modulus and the difference in thermal expansion have
to be as large as possible. The substrate was of practical reasons fixed to be
silicon. Therefore, only the string material had to be chosen which was not
a straight-forward process. When focusing on Young’s modulus materials
like silicon nitride, silicon carbide, aluminum nitride etc. seems attractive
but they do also have low coefficients of thermal expansion. Polymers have
in general high coefficients of thermal expansion but low Young’s moduli.
The values of these two constants of metals tend to lie between those seen
for ceramics and polymers.
The dynamic properties of the fabricated strings is of great importance as
the temperature resolution of a string is given by the inverse of its sensitivity
times the resolution of the frequency measurement. The frequency resolution
will be dependent on the methods used for actuation and readout plus the
level of damping in the string. Pre-stressed double clamped beams do in
general show higher intrinsic quality factors than non-stressed beams due
to the tensioning of them [52]. However, the intrinsic quality factor of pre-
stressed beams is highly dependent on the beam material. Quality factors of
more than one million have been achieved, in vacuum at room temperature,
when using silicon nitride as string material [61, 63]. The quality factor of
pre-stressed double clamped SU-8 resonators at similar conditions barely
exceeds one thousand [64]. The low quality factor of SU-8 resonators is due
to high material damping. Pandey et al. have reported a quality factor of
∼105 for an AuPd resonator [38].
Fabrication techniques available in the cleanroom at DTU Danchip have
to be taking into account when selecting the string materials. A material
like silicon carbide is interesting for this kind of application as the stress can
be tailored by annealing [65], Young’s modulus is fairly high, above 400 GPa
[66], the coefficient of thermal expansion 4×10−6 ◦C−1 is comparable to some
metals [50] and it has been used for micro- and nano-resonators before [67].
However, silicon carbide deposition is not possible with the current available
techniques in the cleanroom at DTU Danchip.
Taking the considerations above into account three string materials have
been selected: Silicon rich silicon nitride, nickel and aluminum. Silicon ni-
tride has been selected because of the possibility of achieving excellent dy-
namic properties. Nickel because it has the best combination of Young’s
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modulus and coefficient of thermal expansion of the available metals. Alu-
minum because of its high coefficient of thermal expansion and its tendency
to be low stressed when deposited.
The fabrication process used for fabricating silicon nitride strings is de-
scribed in the next section. Nickel and aluminum strings have been fabri-
cated by two similar processes which are described afterwards.
4.2 Silicon Rich Silicon Nitride Strings
The silicon rich silicon nitride strings have been fabricated by means of
standard fabrication techniques. The fabrication process has been developed
by Silvan Schmid and the strings have also been fabricated by Silvan Schmid.
Micro- and nanomechanical resonators are often fabricated by surface
micromachining. Two anchor plates are connected by the beam to be re-
leased. The release is performed by an isotropic etch. The isotropic etch will
not only underetch the beam but also all the edges of the two anchor plates.
These overhangs will lead to higher clamping losses which are not beneficial
when low damping is wanted. To minimize clamping loses, a fabrication
process was developed which avoids the creation of overhangs.
Fig. 4.1 gives a schematic overview of the fabrication process. A de-
tailed process sequence can be found in Appendix A. The starting point
is a 350 µm thick double side polished 4” Si (100) wafer. a) A layer of
LPCVD silicon rich silicon nitride is deposited on both sides of the wafer.
Strings with two thicknesses were fabricated: 180 nm and 340 nm. The
thickness of the silicon nitride was measured using an ellipsometer. b) A
1.5 µm thick layer of AZ5214e photoresist is spin coated on the front side of
the wafers and patterned by UV photolithography. The photolithography
mask is aligned to the flat of the wafers. c) This pattern is transferred into
the silicon nitride by an anisotropic RIE etch (SF6: 32 sccm, O2: 8 sccm,
pressure: 80 mTorr and power: 30 W) which is terminated after reaching the
underlying silicon. The etched pattern defines the outline of the string chips
and the individual strings. d) A ∼400 nm thick layer of PECVD (Plasma
Enhanced Chemical Vapor Deposition) silicon nitride is deposited on the
front side to cover the etched pattern. This layer protects the LPCVD sili-
con nitride during processing on the backside and masks the front side when
releasing the strings later on. e) The LPCVD silicon nitride on the backside
is patterned in a similar way as the silicon nitride on the front side using UV
photolithography and RIE etching. The photolithography mask is aligned
to the crystal orientation of the wafer, which is utilized in the release step.
f) A potassium hydroxide (KOH) etch (28 wt% @ 80 ◦C, time: 4.5 h) is
used to etch through the wafer from the backside and release the strings.
This KOH etch utilizes the creation of slow etching (111) crystal planes to
achieve the perfect clamping described above. h) The protective PECVD
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Figure 4.1: Process sequence for fabricating silicon rich silicon nitride strings. a) De-
position of LPCVD silicon rich silicon nitride, b) UV photolithography step, c) pattern
transfer by RIE etching, d) deposition of protective PECVD silicon nitride layer, e) UV
photolithography step on the backside, f) pattern transfer by RIE etching, g) release of
string by a KOH etch and h) removal of PECVD silicon nitride by a buffered HF etch.
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Figure 4.2: Schematic representation of the chip design. Each chip contains 25 strings
with the same length. These string are divided into five groups with designed widths of
50, 30, 14, 6 and 3 µm. The length of the strings ranges from 100 µm to 1500 µm.
silicon nitride layer is finally removed in a buffered HF etch.
An outline of the fabricated chips can be seen in Fig. 4.2. All chips are
10 mm long and 7 mm wide and contain 25 strings with the same length.
The 25 strings are divided into five groups with designed widths of 50, 30, 14,
6 and 3 µm. The designed lengths of the strings are 100, 200, 300, 500, 1000,
1500 µm. Each chip can be separated from the frame holding it by grabbing
one of the free corners with a tweezers. The dimensions of the fabricated
strings can differ from the designed ones; especially the length as the KOH
etch is sensitive to misalignment with respect to the crystal orientation of
the wafers and variations in the thickness of the used wafers. The measured
lengths and widths of the used strings will therefore be presented together
with the experimental results. Scanning Electron Microscope (SEM) pic-
tures of the fabricated micro-strings can be seen in Fig. 4.3. The close-up
picture of the clamping region confirms that no overhang is created during
the release of the strings.
4.3 Metallic Strings
The fabrication method used for fabricating the silicon nitride strings could
in principle also be used for fabricating nickel strings. The only critical
point would be the deposition of PECVD silicon nitride. The deposition
itself would not be a problem but the temperature it is done at, ∼300 ◦C,
could lead to annealing of the nickel and hence an increase in the tensile
stress. This would also be an issue for the aluminum strings but a more se-
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(a) (b)
Figure 4.3: (a) and (b) SEM pictures of the fabricated silicon nitride strings. Both
samples were tilted 45◦ when the pictures were taken.
vere problem for the aluminum strings would be the release. The etch rate
of aluminum in an 80 ◦C warm 28 wt% KOH solution is ∼13 µm/min [68]
which makes release by this method impossible. Because of these problems a
new fabrication process had to be developed. If fact, two similar fabrication
processes were developed. The one used for the fabrication of nickel strings
was slightly modified before fabricating the aluminum strings. This section
will be continued by first describing some choices made when designing the
process flow for the nickel strings, then a description of the process flow and
some results from the fabrication. This will be followed by a description
of the modifications made to adapt the process to the fabrication of alu-
minum strings, the used fabrication process and some results describing the
fabricated aluminum strings.
4.3.1 Fabrication of Nickel Strings
The release of strings can be done via a wet chemical etch or a reactive ion
etch. To make the fabrication process as versatile as possible it was decided
to use reactive ion etching as the etching rate of most metals is low or zero
for typically used silicon etches [68]. The strings could then be released by an
isotropic etch from the front side or by an anisotropic etch from the backside.
Since DTU Danchip does not allow nickel in any of their deep reactive ion
etchers the isotropic etch method had to be used. The time needed to etch
through a silicon wafer in the RIE allowing nickel would be more than 10
hours. To avoid getting overhangs from underetched anchor plates it was
decided to make the anchor regions in a different way. Underetching of
nickel lines covered by photoresist in both ends will give suspended nickel
lines without any unnecessary overhangs. The isotropic etch will underetch
the photoresist and parts of the nickel lines covered by it. This will not create
any extra overhangs as the nickel lines have a uniform width. The length of
the strings will only be slightly longer. It was decided to electrically isolate
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the nickel strings from the supporting silicon by introducing a thermal oxide
in between. This could be utilized for integrated actuation and readout.
A schematic overview of the fabrication process can be seen in Fig. 4.4
and the detailed process sequence is presented in Appendix A. a) An 80 nm
thick silicon dioxide layer is thermally grown on a 4” Si (100) wafer. b)
A 2.2 µm thick layer of AZ5214e photoresist is spin coated on the wafer
and patterned in a negative UV photolithography step. c) 100 nm nickel
is deposited on the wafer by electron beam vapor deposition. d) Acetone
is used to dissolve the photoresist and lifting off the nickel on top of it. e)
A 1.5 µm thick AZ5214e photoresist layer is spin coated on the wafer and
patterned by UV photolithography to define the part of the nickel lines to
be released. f) A RIE etch (SF6: 40 sccm, pressure: 80 mTorr, power:
30 W, time: 1 h) is used to release the strings. g) Removal of photoresist
by an oxygen and nitrogen plasma in a plasma asher (O2: 210 mL/min, N2:
70 mL/min, power: 100 W, time: ∼1.5 h). h) A buffered HF etch (time:
4 min) is used to remove oxide overhangs and oxide underneath the free
hanging beams.
The fabricated chips contain 30 strings divided into 6 groups of 5 strings
with the same width. The designed widths of the strings are: 18, 15, 12,
9, 6 and 3 µm and the designed lengths of the strings are: 100, 200, 300,
500, 700, 900 µm. As for the silicon nitride strings, the actual length and
width of the strings can differ from the designed ones. The actual length of
the nickel strings will always be longer then the designed ones due to the
isotropic etch. The measured dimensions of the used strings will be given
together with the experimental results. The individual chips are cut out
by using a diamond scriber as no bulk micromachining has been used for
defining the chips. The approximate size of the chips is 7 mm × 10 mm.
Fig. 4.6 shows two SEM pictures of the fabricated nickel strings and it can
be seen that the strings are perfectly clamped.
It was observed that the second photolithography step could lead to some
kind of chemical reaction on the surface of the nickel which had been exposed
to the developer. This bubbler formation did only occur if the wafers were
left overnight after end developing. A picture showing an example of these
bubbles can be seen in Fig. 4.5. The reason for this bubble formation was
not found but it could be avoided by doing the isotropic etch directly after
the development of the photoresist.
4.3.2 Fabrication of Aluminum Strings
The fabrication process used to fabricate the nickel strings had to be mod-
ified slightly in order to be able to realize aluminum strings. The removal
of oxide after release of the strings by buffered HF is not compatible with
use of aluminum as it is also etched in buffered HF. It was therefore decided
to exchange the oxidization step with a LPCVD silicon nitride deposition
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Figure 4.4: Schematic of the nickel string fabrication process. a) Silicon dioxide forma-
tion via thermal oxidation, b) reverse UV photolithography step, c) deposition of nickel
via electron beam vapor deposition, d) acetone lift-off, e) second UV photolithography
step for defining the area of the strings to be released, f) release of strings via isotropic
RIE etch, g) removal of photoresist h) buffered HF etch of oxide overhangs and oxide
underneath the strings.
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Figure 4.5: Optical microscope picture of nickel lines with bubble formations.
(a) (b)
Figure 4.6: (a) and (b) SEM pictures of the fabricated nickel strings. Both pictures were
taken when the samples were tilted 20◦.
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step. Silicon nitride is also etched isotropically by the silicon RIE etch and
there is therefore no need for removal of it after the release. The lift-off
process used to define the nickel lines was also exchanged. The aluminum
lines were defined by first depositing an aluminum layer, pattering a layer of
photoresist on top of it and then etching the unmasked aluminum in a wet
aluminum etch. Aluminum lines can also be made by a lift-off process and
the results would be more or less identical. The electron beam deposited
aluminum turned out to be compressive stressed which resulted in buckled
beams, see Fig. 4.8a. An annealing step was therefore added to the process
in order to induce tensile stress. The photoresist covering the parts of the
aluminum lines not to be released turned out to be less resistant to the
RIE etch after the baking step. This was utilized to eliminate the need for
a plasma asher step by stopping the release etch after the photoresist was
removed. An endpoint detection system in the RIE etcher was used to time
the etch.
A schematic of the final process flow can be seen in Fig. 4.7 and the
detailed process sequence is presented in Appendix A. a) ∼20 nm thick
LPCVD silicon rich silicon nitride layer is deposited on a 4” Si (100) wafer.
b) 150 nm aluminum is deposited on the wafer by electron beam deposition.
c) A 1.5 µm thick AZ5214e photoresist layer is spin coated on the wafer and
patterned by a reverse UV photolithography process in order to define the
parts of the aluminum to be etched. d) Etching of unmasked aluminum in a
H2O:H3PO4 1:2 solution heated to 58
◦C (time: ∼1.5 min) The photoresist
used as etch mask is afterwards removed in acetone. e) A 1.5 µm thick
AZ5214e photoresist layer is spin coated on the wafer and patterned by UV
photolithography to define the part of the aluminum lines to be released. A
three hours annealing step at 250 ◦C is then used to induce tensile stress in
the aluminum. f) Release of strings and etch of photoresist (SF6: 40 sccm,
pressure: 80 mTorr, power: 30 W, time: 45-50 min). This etch is slightly
over etched to make sure that the photoresist is completely removed. For
this reason the silicon nitride not masked by the aluminum will also be
etched.
The chip design is the same as for the nickel strings and each chip is again
cut out using a diamond scriber. A SEM picture of some of the fabricated
strings can be seen in Fig.4.8b. It can be seen from the picture that there
are some dark areas along the two edges of the cavity etched during the
release. The reason for the formation of these black areas it not known but
since they exist along the entire length of the cavity it is most likely not
related to the aluminum. As these dark areas did not seemed to affect the
performance of the strings, the formation of them was not investigated in
greater details. There are also some black areas on the picture in parallel
with the strings but these are only due to a shadow effect created when the
sample was tilted in the electron microscope.
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Figure 4.7: Schematic of the aluminum string fabrication process. a) Deposition of
LPCVD silicon nitride, b) deposition of aluminum by electron beam evaporation, c) a
reverse UV photolithography step, d) etching of unmasked aluminum in a H2O:H3PO4
1:2 solution heated to 58 ◦C, e) second UV photolithography step for defining the area of
the strings to be released, f) release of strings and etching of photoresist via a RIE etch.
The wafer is annealed at 250 ◦C for 3 hours between step e) and f) to induce tensile stress
into the aluminum.
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(a) (b)
Figure 4.8: (a) SEM picture of released aluminium beams containing compressive stress
(b) SEM picture of released aluminium strings which have been annealed at 250 ◦C for 3
hours. Both samples were tilted 30◦ when the pictures were taken.
4.4 Summary
Silicon rich silicon nitride, nickel and aluminum were selected as string ma-
terials. The three materials were selected after considering the possibility of
realizing beams with a reasonable pre-stress using the cleanroom facilities at
DTU Danchip, the size of their thermal expansion coefficients and Young’s
moduli plus the expected level of intrinsic damping.
Fabrication processes for realizing the three types of strings have been de-
veloped and the three types of strings have been fabricated with success. All
processes were designed to avoid the creation of suspended anchor regions.
SEM pictures of the fabricated strings confirmed that this was achieved in
all cases. It was observed that the second photolithography step in the fab-
rication of nickel strings could lead to a chemical reaction on the surface of
the nickel exposed to the developer. The nature of this reaction has not been
found but it could be avoided by performing the release step directly after
development of the photoresist. For the aluminum strings an annealing step
had to be added to the process sequence in order to induce tensile stress
into the aluminum. On the SEM pictures of the released aluminum strings
dark areas along the edges of the etched cavities can be seen. The reason
for the formation of these areas has not been found and since they did not
seemed to affect the performance of the strings, the formation of them was
not investigated in greater details.
The characterization of the successfully fabricated strings is described in
chapter 6 and 7.
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Experimental Setups
A number of different experimental setups have been used in the various
measurements and they will be described in the following sections. The first
section describes the laser-Doppler vibrometer used for measuring resonance
frequencies. The temperature setup used to heat and cool the string chips
is described in the second section. The third section is used to describe
the setup used for irradiating strings with red, green and blue light. The
equipment used for measuring the power of light sources is described on the
fourth section.
5.1 Laser-Doppler Vibrometer
A picture of the setup used for the resonance frequency measurements can
be seen in Fig. 5.1. It consists of a laser-Doppler vibrometer for measuring
the resonance frequencies and a vacuum chamber. All resonance frequencies
were measured while keeping the chips at a pressure below 3×10−5 mbar.
The microscope based laser-Doppler vibrometer (MSA-500) fabricated
by Polytec GmbH can measure out of plane vibrations with frequencies rang-
ing from 0 Hz to 24 MHz. It contains three different microscope objectives:
5×, 20× and 50×.
The frequency resolution of a measurement depends on the number of
FFT (Fast Fourier Transform) lines selected in the software used for an-
alyzing the measured data and the bandwidth of the measurement. The
maximum number of FFT lines available when measuring the temperature
sensitivity of the strings was 6400 which resulted in a maximum frequency
resolution of 0.02% of the measured value.
It is believed that calibration error and the finite number of FFT lines
are the largest contributors to the uncertainty of the measured frequencies.
The calibration error can be up to ±1% [69]. This error is most likely a
systematic error and it is therefore not included in the uncertainties given
for the measured values. The uncertainty due to finite FFT lines is ∼2 times
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Figure 5.1: Photography of laser-Doppler vibrometer and vacuum chamber.
the resolution of the measured value.
A pressure below 3×10−5 mbar was established inside the chamber by
using a turbo pump (HiPace 80, Pfeiffer Vacuum) and a membrane pump
(PJ 15347-813.4, Leybold AG) placed in series. The pressure was measured
using a MKS 972 DualMag pressure gauge and a MKS PDR900-1 vacuum
gauge controller.
5.1.1 Actuation
Measurement of the thermal noise resonance peaks was sufficient in some
cases and in others actuation had to be used. This was done by using a
Noliac A/S piezo-electric ceramic linear transducer element (PZT). This
element was driven either by a periodic chirp signal or a sinusoidal signal.
By using the periodic chirp signal it is possible to excite ”all” frequencies
within a given bandwidth at the same time. The number of frequencies
excited is given by the number of FFT lines. The advantage of this method
it that there is no need for feedback between measured values and actuation
signal. The drawback is that the signal to noise ratio cannot be as high as
for single frequency actuation.
To be able to use single frequency actuation the PZT element had to
be placed in a positive feedback loop. The loop is illustrated in Fig. 5.2.
Vibration of the string is measured by the laser-Doppler vibrometer, the
output signal from the laser-Doppler vibrometer is used as input signal for
the limiter which gives a square wave output signal. The amplitude of this
signal is adjusted to a proper size using an attenuator. The PZT element is
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Figure 5.2: Schematic representation of the feedback loop used for actuation.
used for actuating the string in accordance to the square wave signal. The
frequency counter (53132A, Agilent Technologies) determines the frequency
of the AC signal coming from the laser-Doppler vibrometer. The used fre-
quency counter has a 12 digit frequency resolution and the accuracy of the
measured values is ±0.05%. The sampling rate of this frequency counter
is ∼0.2 s. A LabVIEW program was used to acquire and store the values
measured by the frequency counter. The used limiter was built by Silvan
Schmid. Fig. 5.3 shows a comparison between a 100 kHz input signal given
to the limiter and the resulting output signal.
Fig. 5.4 shows a frequency spectrum measured for a 890 µm long, 14 µm
wide and 340 nm thick silicon nitride string. The feedback loop was used to
actuate the string when the frequency spectrum was measured.
5.1.2 Measurement of Quality Factor
The quality factor of the strings was determined by using the ring-down
method [70]. The ring-down method utilizes that the free vibration of a
damped resonator will decay exponentially over time. The quality factor
of the n’th resonant mode can be found by fitting an exponential function
A+B exp−t/τn to the envelope of the decaying amplitude. The time con-
stant can then be used to calculate the quality factor:
Qn = piτnfn (5.1)
A function generator (81150A, Agilent Technologies) was used to gen-
erate actuation signals and a oscilloscope (MSO7034A, Agilent Technolo-
gies) for measuring and storing the decaying signals coming from the laser-
Doppler vibrometer. The data stored by the oscilloscope was then fitted by
using the Matlab scripts given in Appendix B. Fig. 5.5 shows a ring-down
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Figure 5.3: Comparison between a 100 kHz input signal given to the limiter and the
resulting output signal.
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Figure 5.4: Measured frequency spectrum of an 890 µm long, 14 µm wide and 340 nm
thick silicon nitride string. The feedback loop was used for actuation.
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Figure 5.5: The ring-down curve measured for a 712 µm long, 7.5 µm wide and 150 nm
thick aluminum string. The string had a resonance frequency of 49 kHz and a quality
factor of 10250.
curve measured for a 712 µm long, 7.5 µm wide and 150 nm thick aluminum
string and the fitted curve. This string had a resonance frequency of 49 kHz
and a quality factor of 10250.
5.1.3 Adding an Extra Light Beam
The laser-Doppler vibrometer has two optical paths; one normally used by
the readout laser and another one which can be used by a reference laser
beam. The reference laser beam is not used in this project which allows for
adding a second light beam. This is utilized in Chapter 7 and 8 where the
added light beam is used for irradiating cantilevers and particles on strings.
Depending on the experiment, light from a 635 nm laser diode (L635P005,
Thorlabs) is passed through the ”reference” or ”readout” optical path. The
readout laser is then passed though the non-occupied path. The position
of the light beam passed through the ”readout” path can be controlled via
the software used to control the laser-Doppler vibrometer. The position of
the light beam passed though the ”reference” path can be controlled by
rotating x/y knops. The diameter of the second laser spot was ∼6 µm. A
TTi QL355TP power supply was used for powering the laser diode. This
power supply can be controlled via a LabVIEW program which is utilized
in Chapter 8.
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Figure 5.6: Schematic representation of the PID controlled temperature setup used for
heating and cooling the chips.
5.2 Temperature Setup
A schematic representation of the temperature stage used for heating and
cooling chips can be seen in Fig. 5.6. It consists of a Peltier element which
is used for heating and cooling and a thermistor (10 kΩ @ 25 ◦C) embedded
in an 14.8 mm × 14.8 mm × 4 mm brass block for measuring the tem-
perature. A TTi QL355TP power supply is used for powering the Peltier
element and a Keithley multimeter Model 2000 for measuring the resistance
of the thermistor. The temperature of the stage was controlled by using
a LabVIEW based proportional–integral–derivative (PID) controller. This
setup was used instead of the one used in Chapter 2 because it allowed for
larger control and the measured temperatures could be stored.
The temperature stability was 3σ = 0.005 ◦C or less 10 min after a
5 ◦C change in the setpoint temperature. The accuracy of the used ther-
mistor was better than 0.3 ◦C. A detailed description of the temperature
stage, LabVIEW program and performance of the stage can be found in
Appendix D.
Thermal grease was always used between the chips and the thermistor
plate to insure good heat transfer between them.
5.3 RGB Diode Setup
The absorption of red, green, and blue light by strings and particles on them
is investigated in Section 8.3. Optical filters in the laser-Doppler vibrometer
only allow red light to pass. The irradiation was therefore done by using the
setup illustrated in Fig. 5.7. The lower part of it consists of a chip (F50360,
Seoul Semiconductor) with a red, green and blue LED. Since the position
of the three LEDs is different a color mixer reflector (PN 208, Polymer
Optics Ltd.) placed on top of the LED chip was used to direct the light
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Figure 5.7: Schematic representation of the RGB setup used for irradiating strings and
particles on them with red, green and blue light.
and make a similar distribution of the three colors. It was observed that
the resonance frequency of a silicon nitride string goes up if the entire chip
was irradiated by blue light and that the opposite was the case when it
was irradiated by green or red light. This difference can be attributed to
wavelength dependent light absorption by the silicon frame and the silicon
nitride string. When the frame is heated at the same rate or faster than
the string, the tension in the string goes up which gives a higher resonance
frequency. In the opposite case the resonance frequency goes down. To
avoid unnecessary heating of the silicon frame the light was passed through
a chip with a 221 µm times 528 µm wide slit before it hits the strings to
irradiated. The string chip itself was place on a ring PZT element with an
inner diameter of 3 mm (CMAR03, Noliac) which allows for actuation and
having optical access from underneath at the same time. The chip with
the slit was placed inside the ring PZT element as close as possible to the
strings to minimize broadening of the light beam after passing through the
slit. The entire setup was placed inside the vacuum chamber during the
measurements. The LEDs were powered by using a TTi QL355TP power
supply which could be controlled via LabVIEW program.
5.4 Light Power Measurement
An Ophir PD300 photodiode combined with an Ophir Pulsar-2 controller
have been used to measured the power of the laser-Doppler vibrometer read-
out laser, the light source added to the laser-Doppler vibrometer and the
three LEDs in the RBG diode setup. The photodiode has a resolution of up
to 0.01 nW and the accuracy of the measured values is ±3%.
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Micro-Strings as
Temperature Sensors
The string-based temperature sensor relies on changes in its resonance fre-
quency as a function of temperature. The temperature resolution of it is
given by the inverse of the temperature sensitivity times the frequency reso-
lution. The sensitivity of a string is, as described in Section 3.2, determined
by its length, Young’s modulus, mass density, build in tensile stress and the
difference in thermal expansion between the string and the frame clamping
it. The frequency resolution is dependent on the quality factor of the string,
the methods used to actuate and readout the resonance frequency.
This chapter will be used to present the results obtained when investi-
gating both aspect of the silicon nitride, nickel and aluminum strings. As
all strings are supported by a silicon frame, it is only the string material
and the build-in tensile stress which are varied. Dimensions of the analyzed
strings can be seen in Table 6.1. All values given in this chapter are at 20 ◦C
and with expanded uncertainties with a coverage factor of 2 or two times
the standard deviation if it exceeds the expanded uncertainty.
Table 6.1: Dimensions of the analyzed strings.
String Material Thickness [nm] Width [µm] Length [µm]
SiNx 340±10 15.0±0.5 114-1022±1
SiNx 180±10 15.0±0.5 145-1579±1
Ni 100±10 16.5±0.5 124-919±1
Al 150±10 7.5±0.5 113-914±1
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Table 6.2: Frequency ratio between first and higher resonance modes for the longest and
shortest silicon nitride strings.
Thickness [nm] Length [µm] f2/f1 f3/f1
340 1022 2.000±0.002 3.002±0.002
340 114 2.030±0.002 3.121±0.004
180 1579 2.000±0.002 3.001±0.006
180 124 2.005±0.002 3.020±0.002
6.1 Temperature Sensitivity of String Resonators
The thermal noise resonance peak of the analyzed string has been measured
by the laser-Doppler vibrometer at temperatures between 20 ◦C and 50 ◦C
in steps of 5 ◦C. The power of the readout laser has been kept to a mini-
mum, ∼2 µW. The temperature of the string chips has been controlled by
using the temperature setup described in Section 5.2. The temperature was
allowed to stabilize for approximately 10 min, given a temperature stabil-
ity better than 3σ = 0.005 ◦C, before measuring the resonance frequencies.
The following three subsections will be used to present the temperature sen-
sitivity measurements of the silicon nitride, nickel and aluminium strings,
respectively.
6.1.1 Silicon Nitride Strings
In total 33 silicon nitride strings have been analyzed, three for each length.
The resonance frequency of the 340 nm thick strings is ranging from 129.5
±0.5 Hz for the longest strings to 1216±2 kHz for the shortest strings and
for the 180 nm thick ones from 79.1±0.2 kHz to 870±2 kHz.
The ratio between the fundamental resonance mode and higher reso-
nance modes of a string must be an integer, according to the analytical
mode Eq. 3.8. To confirm that the structures show a string-like behavior
the frequency ratio between the first resonance modes and the next two
resonance modes was determined. The values obtained for the longest and
shortest strings can be seen in Table 6.2. Based on these ratios the string-
like behavior is almost perfect for the longest strings but less pronounced
for the shortest strings. The ratios for the shortest 340 nm thick strings are
more off with respect to the ideal value compared to those for the shortest
180 nm thick strings. The reason for this can be explained by the difference
in thickness and length. It is expected that the string-like behavior will be
decreasing with increasing thickness and decreasing length. Even though
the shortest strings do not show perfect string-like behavior it is still con-
sidered reasonable to treat them as string-like resonators. Assuming a mass
density of silicon nitride of 2900 kg/m3 ±5% the pre-stress in the thick and
thin silicon nitride strings is 210±20 MPa and 180±20 MPa, respectively.
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Figure 6.1: Resonance frequency of a 1022 µm long, 15 µm wide and 340 nm thick
silicon nitride string as a function of temperature. Triangles pointing upwards symbolize
the measured frequencies when the temperature was swept from 20 ◦C to 50 ◦C and
triangles pointing downwards the measured frequencies when the temperature was swept
back to 20 ◦C. The dashed line is a
√
A+Bx fit.
A typical frequency versus temperature data set is plotted in Fig. 6.1.
The values that are plotted are those measured for a 1022 µm long, 15 µm
wide and 340 nm thick sting. The resonance frequency of the string is in-
creasing with increasing temperature as its coefficient of thermal expansion
is lower than the one of silicon. The resonance frequencies measured when
sweeping the temperature up and down are all identical within the resolution
of measurement, 31 Hz. Some hysteresis was observed from shorter strings
but it was in general within two times the resolution of the measurement.
From a temperature sensing point of view it is favorable to have low hys-
teresis as it increases both the accuracy and precision of the temperature
sensor.
The analytical model, Eq. 3.13, states that the sensitivity of a string is
inversely proportional to the length of it. This dependency has also been
observed when analyzing the silicon nitride strings. Fig. 6.2 shows the sen-
sitivity of the analyzed strings. It can be seen that there is a strong linear
correlation between the inverse length and the sensitivity. The sensitivity of
a particular string is determined by squaring the measured frequency at each
temperature and then fitting the data with a straight line. The squared reso-
nance frequency is expected to vary linearly with temperature from Eq. 3.13.
The sensitivity of the 340 nm thick strings is ranging from 120±1.2 Hz/◦C
to 890±34 Hz/◦C and for the 180 nm thick ones from 92.9±0.7 Hz/◦C to
707±8 Hz/◦C. The relative sensitivity of the analyzed strings are plotted in
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Figure 6.2: Temperature sensitivity of silicon nitride strings as a function of the inverse
length. All values are at 20 ◦C. The error bars show the expanded uncertainty (k=2) or
two times the standard deviation if it exceeds the expanded uncertainty.
Fig. 6.3 as a function of the inverse length. It can be seen that the relative
sensitivity is decreasing with decreasing length for both string thicknesses.
This behavior is not expected from the analytical string model which states
that the relative sensitivity shall remain constant when changing the length.
However, it has been confirmed by finite element simulations that the rela-
tive sensitivity of a string is decreasing linearly with the inverse of its length.
The reason why the analytical model fails to predict this behavior is most
likely because it is based on boundary conditions which do not represent
the actual clamping of the beam and it neglects rotational inertia and shear
deformations. The decreasing nature of the relative sensitivity has to be
taking into account when down scaling the string-based temperature sensor.
The shortest strings might not be the most sensitive ones.
The reproducibility of the performance of the fabricated strings is fairly
good. The standard deviation (2σ) of the measured and calculated values
does not exceed three times the expanded uncertainty for any string length
and it is in most cases lower than the expanded uncertainty.
A few strings made from high stress stoichiometric silicon nitride have
also be analyzed. They showed relative sensitivities which are two orders
of magnitude lower than those observed for the silicon rich silicon nitride
strings. The low relative sensitivity is due to the high stress ∼800 MPa
and the smaller difference in thermal expansion between the string and the
substrate. Since the stoichiometric silicon nitride strings showed low relative
sensitivities it was decided not to analyze these structures in greater details.
It has now been demonstrated that the temperature sensitivity can be
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Figure 6.3: Relative temperature sensitivity of silicon nitride strings as a function of the
inverse length. All values are at 20 ◦C. The error bars show the expanded uncertainty
(k=2) or two times the standard deviation if it exceeds the expanded uncertainty.
increased by decreasing string length. However, the relative sensitivity is also
decreasing with decreasing string length. This behavior is not predicted by
the analytical model only by finite element simulations. The silicon nitride
strings show a low level of hysteresis and good reproducibility.
6.1.2 Nickel Strings
Besides reducing the length, the temperature sensitivity, (Eq. 3.13), can
also be increased by increasing the difference in thermal expansion. This
has been investigated by using nickel strings with different lengths. For each
string length 5 strings have been analyzed. The resonance frequency of these
strings is ranging from 97±2 kHz to 776±3 kHz. The frequency ratios be-
tween the first and the next two resonance modes are for the longest strings
2.022±0.003 and 3.084±0.004 and for the shortest strings 1.835±0.078 and
2.604±0.028. The longest strings do again show the most distinct string-
like behavior. Assuming a mass density of 8900 kg/m3, ±1%, the average
pre-stress in the strings is 285±12 MPa.
The sensitivity and the relative sensitivity are plotted as a function of the
inverse length in Fig. 6.4a and Fig. 6.4b, respectively. The sensitivity is rang-
ing from -373±8 Hz/◦C for the longest strings to -2080±26 Hz/◦C for the
shortest strings. The frequency shifts are negative in this case as the thermal
expansion of the strings is larger than the one of the silicon frame. The rela-
tive sensitivity is ranging from -0.267±0.013 %/◦C to −0.4797±0.002 %/◦C.
The sensitivity and the relative sensitivity are again scaling linearly with
the inverse of the length. Comparing the shortest nickel and silicon nitride
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Figure 6.4: (a) Temperature sensitivity of nickel strings as a function of the inverse
length. (b) Relative temperature sensitivity of nickel strings as a function of the inverse
length. All values are at 20 ◦C. The error bars show the expanded uncertainty (k=2) or
two times the standard deviation if it exceeds the expanded uncertainty.
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strings, see Table 6.3, the absolute sensitivity is more than doubled and the
relative sensitivity is more than tripled when using nickel as string material.
This improvement is achieved even though the pre-stress and density of the
nickel strings are higher than the ones for the silicon nitride strings.
Hysteresis is observed for these strings, the measured resonance frequen-
cies are higher when sweeping the temperature from 50 ◦C to 20 ◦C com-
pared to those measured when sweeping the temperature from 20 ◦C to
50 ◦C. The magnitude of this hysteresis can be decreased if the strings are
kept at elevated temperature, +50 ◦C, for some time. This indicates that
some of it is related to degassing of the string surfaces. All analyzed strings
were therefore heated to a temperature above 50 ◦C for at least 10 minutes
before initiating the frequency versus temperature measurement, which are
started at 20 ◦C. Despite the initial heating some, hysteresis is still present
when doing the temperature sweeps. The remaining hysteresis can be due
to anelastic behavior of the strings which is investigated in grater details
in the next chapter. The error of a temperature measurement due to the
remaining hysteresis would be lower than 0.5 ◦C.
The reproducibility of the performance of the nickel strings is not as
good as for the silicon nitride strings. In most cased the standard deviation
(2σ) is comparable or larger than the expanded uncertainty. The observed
dispersion can be attributed to the nickel deposition process which has not
been optimized for getting films with a uniform stress.
With these nickel strings it has been demonstrated that a larger dif-
ference in thermal expansion will result in a higher sensitivity and relative
sensitivity as predicted by the analytical model.
6.1.3 Aluminum Strings
To increase the sensitivity even further it would be an advantage to reduce
the pre-stress. Aluminum tends to be low stressed or compressive stressed
when it is deposited by electron beam evaporation. It is therefore an ideal
candidate as string material. Additionally, it has a high coefficient of thermal
expansion and a low density, which also contributes to a higher sensitivity.
Aluminum strings of various lengths, 5 of each, have been analyzed.
The resonance frequency is ranging from 49.2±0.2 kHz to 649±1 kHz. The
frequency ratios are for the longest strings 2.000±0.003 and 3.003±0.005
and for the shortest strings 2.021±0.003 and 3.090±0.009. Assuming a mass
density of 2700 kg/m3, ±1%, the average pre-stress is 31±13 MPa.
Sensitivities and relative sensitivities are plotted in Fig. 6.5a and Fig. 6.5b
as a function of the inverse length. The linear behavior observed for the two
other types of strings is also observed for these strings. The sensitivity and
relative sensitivity are ranging from -1030±60 Hz/◦C to -5950±140 Hz/◦C
and from -0.92±0.04 %/◦C to -2.56±0.08 %/◦C, respectively. The shortest
aluminum strings show a sensitivity and a relative sensitivity which are both
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Table 6.3: Summarized properties of the analyzed strings at 20 ◦C. Pre-stress, frequency,
sensitivity and relative sensitivity are given for the shortest strings of each type plus the
maximal relative sensitivity for each string type.
SiNax SiN
b
x Ni Al
σ [MPa] 180±20 210±20 285±12 31±13
f [kHz] 870±2 1216±2 776±2 649±1
S [Hz/◦C] 707±8 890±34 -2080±26 -5950±140
rel. S [%/◦C] 0.0813 0.070 −0.27 −0.92±0.0009 ±0.002 ±0.02 ±0.01
max. rel. S [%/◦C] 0.116 0.0921 −0.497 −2.56±0.001c ±0.0006d ±0.002e ±0.08f
a180 nm thick silicon nitride strings,b340 nm thick silicon nitride strings, c1579 µm long silicon nitride
strings, d1022 µm long silicon nitride strings, e723 µm long nickel strings and f713 µm long aluminum
strings.
significantly higher than the ones measured for the shortest nickel and sili-
con nitride strings, see Table 6.3. This clearly shows the benefit of proper
material combination and the importance of low pre-stress.
The reproducibility of the performance of these strings is similar to the
nickel strings and most likely due to the same reason. Hysteresis is also
observed for these strings and heat treatment has been used to reduce it.
The level of hysteresis observed for these strings would correspond to a
temperature error of less than 0.8 ◦C.
The sensitivity is proportional to the resonant mode number, according
to the analytical model. Fig. 6.6a shows the frequency of the first three
resonance modes of a 213 µm long aluminum string plotted as a function
of temperature. The sensitivity of the first three resonant modes at 20 ◦C
is -3.78±0.08 kHz/◦C, -7.58±0.14 kHz/◦C and -11.27±0.24 kHz/ºC, respec-
tively. The ratio between the sensitivity for the first and higher modes
is 2.005 and 2.981 which is in agreement with the analytical model. The
sensitivities are increased to -9.9±0.8 kHz/◦C, -19.7±1.6 kHz/◦C and -
28±2 kHz/◦C, at 50 ◦C, giving following ratios 1.990 and 2.828. In spite
of the less distinct string-like behavior at 50 ◦C the sensitivity can be im-
proved in the entire temperature range by observing higher resonant modes.
Fig. 6.6b shows the relative frequency change of the three resonance modes
as a function of temperature. It is clear that the magnitude of the relative
change is independent on the resonance mode number. It will therefore only
be an advantage to monitor higher resonance modes if the relative frequency
resolution is better for higher resonance modes.
The sensitivity and the relative sensitivity are both dependent on the
temperature as it can be seen from Fig. 6.6a. If the difference in thermal
expansion is positive the sensitivity and the relative sensitivity will increase
with increasing temperature and vice versa. Both continue to increase until
the tensile stress is no longer high enough to ensure a string-like behavior.
58 T. Larsen
Chapter 6
0 1 2 3 4 5 6 7 8 9 1 0
- 7 0 0 0
- 6 0 0 0
- 5 0 0 0
- 4 0 0 0
- 3 0 0 0
- 2 0 0 0
- 1 0 0 0
0
 
 
Sen
sitiv
ity 
[Hz
/o C]
1 / L  [ m m - 1 ]
(a)
0 1 2 3 4 5 6 7 8 9 1 0
- 2 . 5
- 2 . 0
- 1 . 5
- 1 . 0
- 0 . 5
 
 
Rel
ativ
e Se
nsit
ivit
y [%
/o C]
1 / L  [ m m - 1 ]
(b)
Figure 6.5: (a) Temperature sensitivity of aluminum strings as a function of the inverse
length. (b) Relative temperature sensitivity of aluminum strings as a function of the
inverse length. All values are at 20 ◦C. The error bars show the expanded uncertainty
(k=2) or two times the standard deviation if it exceeds the expanded uncertainty.
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Figure 6.6: (a) First three resonant modes of a 213 µm long aluminum string as a
function of temperature. The hollow triangles pointing upwards and downwards mark
the measured values as the temperature is changed from 20 ◦C to 50 ◦C and back. The
black dashed line is the first resonant mode fit. The gray and light gray dashed lines show
the same fit multiplied by a factor of 2 and 3. (b) The relative frequency change of the
first three resonant modes of the same string as a function of temperature. The hollow
triangles are used as in (a).
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This temperature dependent behavior is most pronounced for the aluminum
strings due to the low tensile stress. However, it is also observed for the
silicon nitride and nickel strings. For the 713 µm long aluminum strings
a relative sensitivity of -15±1 %/◦C has been observed at 35 ◦C, which is
more than 100 times higher than values reported for similar devices by other
groups [38,71]. For temperatures above 35 ◦C the tensile stress became too
low to ensure string-like behavior. At some point the beam will be stress free
and it will behave as a simple double clamped beam. If the temperature
is increased beyond this point compressive stress will starts to build up
inside the beam. The resonance frequency of the beam will be decreasing
with increasing compressive stress and it will be zero when the condition
for buckling is fulfilled [55]. Before buckling, the resonance frequency of the
beam will in theory show the same temperature dependence as if the stress
was tensile.
Post-buckling dynamic behavior of beams has been investigated briefly.
Fig. 6.7 shows the amplitude versus frequency spectrum of a compressive
stressed aluminum beam at 49 ◦C, 49.5 ◦C and 50 ◦C. Five of the resonance
peaks show only minor shifts when the temperature is changed. The sixed
peak shows a relative shift of 17.5 %/◦C which is slightly higher than the
highest value observed for the tensile stressed beams. The dynamic behavior
of a buckled beam can be difficult to predict if it is not forced to buckle
in a predetermined direction. This can be done by using wide bilayered
beams. The most responsive layer will force buckling in the direction of the
other layer. The concept of using compressive stressed beams for sensing
applications has been demonstrated before where they have been used for
gas sensing [72,73].
The strings are only intended to be used as temperature sensors when
they are tensile stressed. This condition puts an upper operational limit for
the metallic strings which can be significantly lower than the melting point
of the string. Estimated values for the upper operational limit of the metallic
strings have been found by extrapolating the curves fitted to the frequency
versus temperature data. All aluminum strings will contain zero tensile
stress a temperatures above 80 ◦C and the nickel strings above 220 ◦C. The
upper limit can be pushed to higher temperatures by annealing the metal
strings before they are released. Higher stress at room temperature will of
cause have a negative effect on the sensitivity at room temperature. The
tensile stress in the silicon nitride strings is increasing with temperature and
the upper limit will therefore be defined in a different way. The sensitivity
could end up being too low due to too high stress. If the fitted frequency
versus temperature curves are again extrapolated, the sensitivity will be
decreased less than 30 % when the temperature reaches 500 ◦C. This es-
timate is associated with a huge uncertainty and the actual change might
be very different. However, if this estimation is considered valid, the upper
operational limit of silicon nitride strings could be well above 500 ◦C.
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Figure 6.7: Amplitude versus frequency spectrum of a compressive stressed aluminum
beam at 49 ◦C, 49.5 ◦C and 50 ◦C.
Comparing the overall performance of the three types of strings, the
metallic ones show the highest relative sensitivities but they have a lower
dynamic range. The reproducibility is better for the silicon nitride strings.
The performance of these strings with respect to other types of resonating
micro-mechanical temperature sensor will be presented in the end of this
chapter.
6.2 Temperature Resolution
The temperature resolution of a string is determined by the inverse of its sen-
sitivity times the resolution of the frequency measurement. The frequency
resolution is dependent on the quality factor of the string and the methods
used for actuation and readout. This section will be used to present the
achieved and ultimate temperature resolution of the three different types of
strings. The achieved temperature resolution is based on the sensitivities
described above and the resolution of the frequency measurements. The ulti-
mate temperature resolutions are estimated from the measured sensitivities
and quality factors of the different strings.
6.2.1 Experimentally Determined Temperature Resolution
The resolution of a frequency measurement is here defined as three times the
Allan deviation for an averaging time of one second. The Allan deviation
can be calculated from a frequency versus time data set and it is defined as
the square root of the Allan variance which can be written as:
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σ2y(τ) =
1
2 (M − 1)
M−1∑
i=1
[
yi+1 − yi
]2
(6.1)
where yi is the ith fractional frequency average over the observation
period τ and M is the number of fractional frequency values. A log-log plot
of the Allan deviation can reveal the origin of the instability in a frequency
measurement [74].
The setup described in Section 5.1 was used for continuous frequency
measurements. A PZT element placed in a positive feedback loop was used
for actuation of the strings. The resonance frequency was measured by the
laser-Doppler vibrometer and the frequency counter. A LabVIEW program
was used to acquire and store the values measured by the frequency counter.
Fig. 6.8 shows the measured resonance frequency of a 1022 µm long and
340 nm thick silicon nitride string as a function of time and the calculated
Allan deviation as a function of averaging time. The measured resonance
frequency was drifting upwards during the entire measurement which is also
reflected in the calculated Allan deviation. The resonance frequency was
drifting upwards because the temperature of the string chip was increasing
slowly during the measurement. No temperature stabilization was used in
this experiment. The temperature of the string chip was initially lowered
below room temperature when the chamber was evacuated due to the Joule-
Thomson effect. The chip temperature reached a minimum after a certain
amount of time and it then started to drift towards room temperature.
Measurements have shown that the temperature inside the chamber reaches
a minimum after 10-15 minutes of pumping and it then takes several hours
before it starts to fluctuate around a given temperature. Heating of the
champer by the turbo pump attached to it does also has a negative effect on
the drift time. Continuous frequency measurements have also been carried
out when a chip was placed on the temperature stage and the strings were
actuated by a PZT element placed next to the chip. It had a positive effect
on the stabilization of the temperature and the Allan deviation for long
averaging times. However, it had a negative effect on the frequency stability
for short averaging times, τ<10 sec. This is most likely due to a less effective
actuation of the strings.
The frequency instability was not only due to temperature drift. Fig. 6.9
top shows the measured resonance frequency of a 1022 µm long, 15 µm wide
and 340 nm thick silicon nitride string as a function of time. The resonance
frequency is fluctuating up and down in a non random way. The measured
power of the laser used to readout the resonance frequency shows similar
behavior, see Fig. 6.9 bottom. It is important to notes that the resonance
frequency and laser power have not been measured at the same time. It is
believed that the frequency fluctuations are caused by varying heating of
the string due to fluctuations in the power of the readout laser. The reason
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Figure 6.8: Top, the measured resonance of a 1022 µm long and 340 nm thick silicon
nitride string as a function of time. Bottom, the calculated Allan deviation as a function
of averaging time of the measured resonance frequency of the same string.
for the fluctuations in the power of the laser is not clear. It might be due to
reflection of laser light back into the cavity of the laser.
The magnitude of the power fluctuation is proportional to the power of
the laser and this is also reflected in the resonance frequency. Fig. 6.10 shows
the Allan deviation, σ(1s), for a 1022 µm long, 15 µm wide and 340 nm thick
silicon nitride string as a function of the power of the readout laser. The
Allan deviation is increasing as a function of laser power until 30 µW where
the curve is leveling off. To minimize the influence of the readout laser,
frequency stability measurements have to been carried out using minimum
laser power, ∼2 µW.
The lowest Allan deviation, σ(1s)≈5.9×10−8 was obtained for the short-
est silicon nitride strings which also resulted in the best temperature res-
olution, 2.5×10−4 ◦C. An Allan deviation of σ(1s) ≈ 1.3×10−6 was ob-
tained for the shortest nickel strings and the resulting temperature reso-
lution equals 1.5×10−3 ◦C. For the 713 µm long aluminum strings a res-
olution of 8×10−4 ◦C was calculated using the obtained Allan deviation,
σ(1s)≈6.8×10−6. The calculated temperature resolutions show that the less
sensitive silicon nitride strings outmatch the more sensitive metallic strings
because of the higher frequency resolution. The temperature resolutions of
the strings can be improved if the drift seen in the Allan deviations can be
reduced. A comparison between the temperature resolution of the strings
and other types of resonant micro-mechanical temperature sensor is given
in the next section of this chapter.
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Figure 6.9: Top, the measured resonance frequency of a 1022 µm long and 340 nm thick
silicon nitride string. Bottom, the measured power of the readout laser.
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Figure 6.10: The Allan deviation, σ(1s), for a 1022 µm long and 340 nm thick silicon
nitride string as a function of the power of the readout laser.
T. Larsen 65
Section 6.2.2
6.2.2 Ultimate Temperature Resolution
The fundamental detection limit of a resonating micro-mechanical sensor
driven by a feedback system is given by the thermomechanical noise of the
resonator [75]. In this case the resolution limit is given as:
δT ≈ S−1
√
kBT
Ec
2pif2
QQeff
(6.2)
where S is the sensitivity, kB Boltzmann’s constant, Q the quality factor,
Qeff the effective quality factor when driving the resonator by a positive
feedback system, and EC the maximum drive energy. For the first resonant
mode of a string EC=0.25mω
2A2, where m is the mass, ω the angular fre-
quency and A the amplitude [76]. The use of the effective quality factor in
Eq. 6.2 implies that the bandwidth measurement equals the width of the
resonance peak at -3 dB. For estimation of the ultimate temperature reso-
lutions it is assumed that the quality factor is enhanced by a factor of 20
when driving the strings in a closed loop and that the maximum amplitude
equals half the thickness of the string.
The quality factor of the silicon nitride strings used here is record high.
It ranges from ∼2×105 for the shortest ones to ∼2×106 for the longest ones.
Schmid et al. have made a detailed investigation of the level of damping in
these silicon nitride strings and it showed that the strings benefits from the
tensioning of them as expected from the theory [61]. The aluminum strings
have quality factors ranging from ∼5700 to ∼25000. The nickel strings have
the lowest quality factors which are all below 1000. All quality factors have
been determined by the ring-down method which is described in Section 5.1.
It was observed that the quality of the thermal noise resonance peaks
of the metal strings was decreasing over time. The reason for it is not
clear but it might have be caused by oxidization of the strings. The quality
factor of the metal strings was unfortunately only measured after all the
sensitivity studies had been carried out. It is therefore not known how
much quality factors had decreased from the time where the strings were
fabricated and till the time where the quality factors were measured, ∼3
months after. However, quality factors of ∼130,000 have been measured for
∼330 µm long, 18 µm wide and 50 nm thick aluminum strings containing 5%
titanium strings within one week after they were fabricated. These strings
were fabricated by master student Christian Dahl-Petersen using a similar
process sequence as the one used for fabricating the aluminum strings used
in this Ph.D. project. The nickel and aluminum strings might have showed
similar quality factors directly after they were fabricated.
The ultimate temperature resolution calculated for the silicon nitride
strings is ranging from ∼3×10−7 ◦C for the shortest strings to ∼8×10−8 ◦C
for the longest strings. For the aluminum strings it is ranging from ∼10−5 ◦C
for the 515 µm long strings to∼3×10−6 ◦C for the longest strings. Due to the
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Table 6.4: Performance of micro-mechanical temperature sensors. The values given
for the strings are the best ones obtained for each string type. All listed temperature
resolutions are determined by using a signal-to-noise ratio of 3.
Sensor Types
Relative Temperature
Sensitivity [%/◦C] Resolution [◦C]
SiNx-strings @ 20
◦C 0.116±0.001 2.5×10−4
Ni-strings @ 20 ◦C -0.497±0.002 1.5×10−3
Al-strings @ 20 ◦C -2.56±0.08 8×10−4
Al-strings @ 35 ◦Ca -15±1 -
AuPd-strings [38] -0.12 -
AuSi3N4-strings [71] 0.1 -
Si resonator (Beat mode) [42] 0.031 4.6×10−4
Si resonator (Q-factor) [37] - 5.1×10−3
FBAR [39] -0.0063 -
Quartz resonator [40] 0.009 1.2×10−2
Si cantilever [41] -0.0022 1.6×10−3
aNo frequency resolution has been measured at elevated temperatures.
low quality factor of the nickel strings their ultimate temperature resolution
is about ∼10−4 ◦C. Again, the silicon nitride strings outmatch the metallic
ones due to their excellent dynamic properties.
The gap between the experimentally obtained temperature resolutions
and the ultimate temperature resolutions can be reduced if frequency sta-
bility measurements dominated by noise and not drift can be obtained. The
methods used for actuation and readout might not be the most effective
ones and a change of those could also lead to a reduction in the gap between
experimental and ultimate temperature resolutions.
6.3 Performance of Temperature Sensors
Table. 6.4 provides a comparison between the relative sensitivity and the
temperature resolution of different types of resonating micro-mechanical
temperature sensors found in the literature and the strings analyzed in this
Ph.D. project. The strings show relative sensitivities which are an order
of magnitude higher or more than the other types of temperature sensors.
The main difference between the strings and the other types of temperature
sensors is that their dynamic properties are determined by stress and not
by rigidity, which is less sensitive to temperature changes. The temperature
resolution of the silicon nitride strings is the highest obtained for all the
temperature sensors listed in the table.
The use of silicon nitride strings as temperature sensors has improved the
temperature resolution that can be achieved when using resonating micro-
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mechanical structures as temperature sensors. However, the microdegree
temperature resolution that can be achieved by using bilayer cantilevers or
micro-scale thermistors can still not be achieved by using resonating micro-
mechanical temperature sensors [14, 19, 32, 35]. The gap in temperature
resolution still exists but it has been reduced and it can probably be reduced
even more if the actuation and readout of the strings can be done in a more
optimal way.
6.4 Summary
This chapter has been used to present the results obtained when investi-
gating the use of three types of pre-stressed double clamped beams as tem-
perature sensors. Distinct string-like behavior of the resonators has been
confirmed by measuring higher order resonance modes which are multiple of
the first resonance modes. The analytical model predicts that the sensitivity
is increasing for increasing difference in thermal expansion, resonant mode
number and for decreasing length and pre-stress. This has all been verified
through the analysis of the different types of strings. It has also been ob-
served that the absolute value of the relative sensitivity is decreasing with
decreasing string length. This is not predicted by the analytical model only
by finite element simulations. The reproducibility within strings of same
dimension is best for the silicon nitride strings. Hysteresis is observed for
the metallic strings which is most likely due to desorption of gasses from
the strings or anelastic effects. The dynamic rang of the analyzed strings is
highest for the silicon nitride strings which might be functional at tempera-
tures above 500 ◦C. The best temperature resolution has been achieved by
using the shortest silicon nitride strings due to the highest frequency resolu-
tion. The overall performance seems therefore to best for the silicon nitride
strings.
From this investigation the concept of string-based temperature sensor
seems promising. The sensitivity can be controlled geometrically and though
selection of string material and fabrication. The highest obtained tempera-
ture resolution is better than values obtained for other types of resonating
micro-mechanical temperature sensors. The temperature resolution can still
be improved orders of magnitude before it reaches the fundamental limit.
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Point Heating
The resonance frequency of micro-mechanical resonators is often determined
by using optical techniques. This involves in most cases the focusing of a
laser beam on the structure which resonance frequency is to be measured.
The influence of the laser beam on the measured frequency is normally ne-
glected. However, for the highly temperature sensitive strings local heating
by the laser can have a significant influence on the measured resonance fre-
quencies. This heating effect has also been observed for cantilevers [77, 78].
Modulation of the induced heating has been utilized to thermally actuate
cantilevers [79–81].
The power of the readout laser in the laser-Doppler vibrometer can be
varied between 2 µW to 200 µW when using the 20× microscope objective.
The change between two power levels can be done within a time span of
less than 70 ms. This gives the possibility of exploring how the resonance
frequency of strings and cantilevers is affected by different level of local
heating and by sudden changes of it.
The first section in this chapter will be used to describe the results
obtained when investigating the change in resonance frequency of strings
due to different level of heating and sudden changes in the level of heating.
The second section will describe the same when using cantilevers instead of
string. The second section will also be used to describe how the resonance
frequency of cantilevers changes when a heat source is placed at different
locations on it.
The measurement presented in this chapter required the used of con-
tinuous frequency measurements which have been done by using the setup
described in Section 5.1. A PZT element placed in a positive feedback loop
was used for actuation of the strings. The resonance frequency was measured
by the laser-Doppler vibrometer and the frequency counter. A LabVIEW
program was used to acquire and store the values measured by the frequency
counter. The analyzed chips were kept at a pressure below 3×10−5 mbar
when making the measurements.
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7.1 Point Heating of Strings
The temperature of a string increases when the readout laser is focused
onto it. Thermal expansion of the string lowers the tensile stress which
results in a downwards shift in resonance frequency. The magnitude of this
shift is increasing with increasing power of the readout laser. The position
of the laser spot on the string also has an influence on the magnitude of
the frequency shift. The frequency shift is decreasing when the laser spot
is moved towards one of the anchor regions since more heat is dissipated
into the silicon frame which acts as a heat sink. Changes in the measured
resonance frequency of aluminum and silicon nitride strings due to changes
in local heating at the center of them is describe in the first part of this
section. The last subsection is used to describe the thermal time constant
of string resonators.
7.1.1 Anelasticity
Fig. 7.1a shows the measured resonance frequency of 914 µm long, 10.5 µm
wide and 150 nm thick aluminum string as a function of time. The power of
the readout laser was changed from ∼2 µW to ∼200 µW and back with one
minutes intervals during the measurement. The resonance frequency shows
a sudden change after a stepwise change in the power of the laser. This is
then followed by a decaying change of the resonance frequency. The same
type of response is also observed when using a 1022 µm long, 15 µm wide
and 340 nm thick silicon nitride string, see Fig. 7.1b. The stepwise changes
in the resonance frequencies can be interpreted as stepwise changes in the
strain of a linear-elastic material due to the thermal expansion of it. The
nature of the decaying parts is not fully understood but it might be due to
anelastic behavior of the strings. It is well known that metallic thin films
show this type of behavior at room temperature [82–85]. Silicon nitride
thin film might also show this type of behavior at room temperature but no
examples describing it have been found in the literature.
Anelastic materials can be modeled as a system consisting of a spring
in parallel with a number of Maxwell elements [83]. A Maxwell element
consists of a spring in series with a dashpot. The stress-strain relationship
of the springs in the system is given as σ=Eε, where σ, E and ε are the
stress, Young’s modulus and strain, respectively. The springs will respond
instantaneously to a sudden change in strain which gives an abrupt change
in the stress. The stress-strain rate relationship of the dashpots is given as
σ=η dεdt , where η is the viscosity of the dashpot. Elongation of the dashpots,
after an increase in the strain, makes the stress decrease over time in a
decaying manner. Contraction of the dashpots, after a decrease in the strain,
makes the stress increase over time in a decaying manner. The reason for
modeling several Maxwell elements in parallel is to account for different types
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of relaxation processes at the same time. Relaxation processes can involve
reversible motions of impurities, grain boundaries, dislocation etc. [86]. The
stress-strain relationship for the system can be written as:
σ(t) = ε
(
ER +
N∑
i=1
δEie
−(t−t0)/τi
)
σ(t) = σ∞ +
N∑
i=1
δσie
−(t−t0)/τ (7.1)
where ER is the relaxed Young’s modulus, δEi the ith relaxation strength
of Young’s modulus, t− t0 the time elapsed after a change in the strain and
τi = ηi/δEi the ith characteristic relaxation time. The resonance frequency
of an anelastic string is therefore expected to behave as
f(t) =
1
2L
√
σ∞ +
∑N
i=1 δσie
(t−t0)/τi
ρ
(7.2)
after a sudden change in the strain. This model has been used when
fitting the curves plotted in Fig. 7.1. All the fits contain three exponential
terms. Comparing the relaxed resonance frequency f(∞) with the fitted ones
after one minute of relaxation, the difference is ∼ 50 Hz for the aluminium
string and less than 1 Hz for the silicon nitride string. The relative magni-
tude of the relaxation strength is also significantly higher for the aluminum
string. The shorter relaxation time and the less pronounced relaxation of
the silicon nitride string may explain why hysteresis is only observed for
the metallic strings when carrying out the sensitivity studies described in
Section 6.1.
The shape of the curves is highly repeatable for aluminum strings of same
dimensions, see Fig. 7.2a, and also if the string length is varied. The same
is true for the silicon nitride strings if the dimensions are kept the same.
However, the curve shape is changed when the length of the strings are
changed, see Fig. 7.2b. The change is most pronounced when the power of
the laser is reduced from ∼200 µW to ∼2 µW. For long strings a sharp peak
is seen in the resonance frequency after the laser power has been changed.
The sharp peak gradually disperses when the string length is reduced and it
is no longer present for the 113 µm long strings. The reason for this change
can be due to the reduction of the string length, changes in the proximity
of the heating source to the anchor region or a combination of both. The
influence of the proximity of the heating source to the anchor regions has
been investigated to some extend by using cantilevers instead of string. This
is described in section below. The length to width ratio is reduced by a factor
of ∼10 when going from the longest to the shortest strings which may also
have an effect.
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Figure 7.1: (a) Resonance frequency at room temperature of a 914 µm long, 10.5 µm
wide and 150 nm thick aluminum string as a function of time. The power of the laser used
to detect the resonance frequency was changed instantly from 2 µW to 200 µW and back
with one minutes intervals. (b) Resonance frequency of a 1022 µm long, 15 µm wide and
340 nm thick silicon nitride string as a function of temperature. The power of the laser
was again changed between 2 µW to 200 µW with one minutes intervals. The y axes in
(a) and (b) are scaled similarly to enable direct comparison.
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Figure 7.2: (a) Resonance frequency of two 914 µm long, 10.5 µm wide and 150 nm
thick aluminum strings as a function of time. The power of the laser used to detect the
resonance frequency was changed instantly from 2 µW to 200 µW and back with one
minutes intervals. (b) Resonance frequency of two silicon nitride strings as a function of
time. One of the strings has a length of 1022 µm and the other one a length of 113 µm.
Both strings have a width of 15 µm and a thickness of 340 nm. The power of the readout
laser was changed as in (a).
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Anelastic behavior is of cause not desirable in a string-based temperature
sensor as it leads to reduced accuracy and precision of the sensor. For
polycrystalline materials the relaxation strength and time can be reduced
by annealing. The introduction of high melting point impurities can also
have a positive effect on the relaxation strength [83].
7.1.2 Characteristic Thermal Time Constant
Despite of the decaying behavior, all strings show the largest frequency
shift within a short time span after changing the laser power. The sam-
pling rate of the frequency counter is ∼200 ms which is not fast enough
to keep track of these fast changes in frequency. They do normally take
place between to measuring points. In these experiments only the strings
act as the temperature sensing element and the support can be considered
as a heat sink. This means that the sensing element has an extremely low
thermal mass and it is well isolated from its surroundings. A character-
istic time constant of such a structure is given by the ratio between the
thermal mass H (J K−1) of the string and the thermal conductance G (W
K−1) to its support [40]. Assuming following values for the specific heat
capacity and thermal conductivity of silicon nitride, nickel and aluminum:
cSiN=712 J/(kg K), kSiN=13 W/(m K), cNi=450 J/(kg K), kNi=90 W/(m
K), cAl=900 J/(kg K), and kAl=240 W/(m K) [31], a thermal time constant
of 41 ms, 9 ms, and 2 ms can be calculated for the longest silicon nitride,
nickel and aluminium strings, respectively. The thermal time constant is re-
duced to 516 µs, 171 µs, and 32 µs for the shortest silicon nitride, nickel and
aluminium strings, respectively. These numbers are in agreement with the
fast changes (<250 ms) observed in the measurements. Compared to other
types of resonating temperature sensors the estimated values are comparable
or smaller [38, 39]. The concept of using just the string as the temperature
sensing element is explored in greater details in the next chapter.
7.2 Point Heating of Cantilevers
The point heating experiment has also been carried out using silicon nitride
cantilevers instead of strings. This has been done in order to prove or
disprove that the observed frequency response is unique for strings. The
influence of the laser spot position along the length of the cantilever has
also been investigated. This is all described in the first part of this section.
The second part is used to describe the influence of a heat source when it is
scanned across the cantilever.
Actuation, readout, changes in laser power etc. have been done as for
the strings. The used cantilevers have been fabricated by using the pro-
cess initially tried out for the fabrication of the SU-8 coated silicon nitride
cantilevers which is described in more details in Section 2.2.
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Figure 7.3: (a) and (b) position of the laser spot when the point heating experiments
were carried out. This cantilever is 458 µm long, 99 µm wide and 550 nm thick.
Fig.7.3 shows two pictures of the same cantilever where the laser spot has
been placed in two different positions. The measured resonance frequency
versus time at the two different position can be seen in Fig. 7.4. The can-
tilever used in the experiment is 458 µm long, 99 µm wide and 550 nm thick.
The frequency versus time curve looks like the ones obtained for the strings
when the laser is placed at the tip,. The shape of the curve is changed sig-
nificantly when the laser spot is moved towards the anchor of the cantilever.
The resonance frequency increases abruptly after the laser power has been
increased and it continues to increase afterwards with a slower rate. The
opposite takes place when the power of the laser is decreased. It has been
verified that the pattern seen at the tip changes gradually to the pattern
seen closer to the anchor when moving the laser spot towards the anchor.
The mechanism behind the observed changes in resonance frequency is
not fully understood but it is seen that the observed frequency response is
not unique for tensile stressed beams. A drift in the measured resonance
frequency after a sudden change of it, is observed in all cases. This frequency
drift is not related to temperature drift inside the chamber since the temper-
ature is drifting in the same direction all the time due to long stabilization
time. See section 6.2 for more details about temperature drift inside the
vacuum chamber. The time needed to heat up a string or a cantilever is sig-
nificantly shorter than the time span of the frequency drift which uncouples
the two from each other. Heating of the body chip due to dissipation of heat
through the anchor regions is also not considered as a possible explanation
for the frequency drift due to the good thermal conductivity of silicon. The
silicon chip will acts as a heat sink. Since the frequency drift cannot be
explained by long-term temperature changes, anelasticity is still believed to
be the mechanism behind it.
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Figure 7.4: (a) Resonance frequency of a 458 µm long, 99 µm wide and 550 nm thick
cantilever as a function of time. The readout laser was focused at the tip of the cantilever
and the power of it was change instantly from 2 µW to 200 µW and back with one
minutes intervals. (b) Resonance frequency as a function of time of the same cantilever.
The readout laser was focused ∼170 µm from the anchor of the cantilever and the power
of it was changes as before.
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Figure 7.5: Relative shift in the resonance frequency of a 458 µm long, 99 µm wide and
550 nm thick cantilever while it is heated by a ∼260 nW laser spot at different positions.
The x and y axes are aligned along the length and the width of the cantilever. The
resonance frequency has been measured in a grid consisting of 7×171 points covering half
of the cantilever.
7.2.1 2D Scan
The observed increase in resonance frequency due to heating close to the an-
chor has been investigated in more details. Until now the readout laser has
been used to heat up the cantilever at different positions. However, heating
at the anchor and reading out the resonance frequency at the same time is
not possible as the vibrational amplitude is zero at the anchor. To solve
this problem a second laser beam was introduced into the laser-Doppler vi-
brometer. This laser beam could then be scanned across the cantilever while
measuring the resonance frequency using the readout laser. See Section 5.1
for more details on how to added the second laser beam. The diameter of
the laser spot was ∼6 µm and the power of it has been measured to be
∼260 nW.
Fig. 7.5 shows the measured relative frequency shift when the second
laser was scanned across one half of a 458 µm long, 99 µm wide and 550 nm
thick cantilever. The readout laser was positioned at the tip of the can-
tilever. The x and y axes in the plot are aligned along the length and width
of the cantilever, respectively. The origin of the coordinate system is placed
at one of the tip corners of the cantilever. The resonance frequency has been
measured along seven lines each consisting of 171 points. The seven lines
were evenly distributed across the half width of the cantilever. The scan
time, 4 minutes per line, was kept relatively short to minimize the influence
of temperature drift inside the chamber. The relative frequency shifts calcu-
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lated for each scan line are with respect to the resonance frequency measured
at the tip. The resonance frequency is insensitivity to the position of the
second laser when it is scanned along the tip of the cantilever.
The plotted relative frequency shifts shows that the resonance frequency
is shifted upwards when the second laser is approaching the anchor along
the center of the cantilever. This effect has also been observed by Sadeghian
et al. [77]. However, they did not observe that the resonance frequency
decreases when the cantilever is heated at one of the edges close to the
anchor. The magnitude of the frequency shifts, seen close to the anchor,
is increasing with increasing laser power which is in accordance with the
point heating experiment described above. The reason why the resonance
frequency is dependent on the position of the second laser is a complex
combination of heating, heat dissipation, heat induced changes in Young’s
modulus and thermally generated stress and expansion.
The cantilever point heating experiments and the 2D scan clearly show
that the measured resonance frequency is dependent on the proximity of
the readout laser spot to the anchor region. These experiments did also
show that the decaying change in the resonance frequency after a change
in temperature is not unique for string resonators. The different shapes of
the frequency versus time curves seen for the long and short silicon nitride
strings could be related to the proximity effect observed for the cantilevers.
7.3 Summary
Point heating experiments showed that the change in resonance frequency
of a string, due to a stepwise change in the heating of it, can be divided
into two. A fast change which takes place within a fraction of a second,
<250 ms, and a slower change, >1 min. The slower change is believed to be
coursed by anelastic effects. The anelastic behavior was most pronounced
for the aluminum strings. The thermal time constant of the strings has been
estimated to be between 41 ms and 32 µs.
Cantilever point heating experiments revealed that the frequency re-
sponse seen for the strings can also be observed for cantilevers. The ratio
between the fast and the slow frequency changes is significantly higher for
the strings which is attributed to the build-in tensile stress. The cantilever
experiments did also show that point heating at the anchor region can shift
the resonance frequency up or down.
In the previous chapter the silicon nitride strings turned out to show the
best performance when focusing on the experimentally determined tempera-
ture resolution. They did also show the most favorable behavior in the point
heating experiments. For these two reasons silicon nitride strings are applied
when exploring the possibility of using temperature sensitive micro-string
resonators for detection and identification of particle in the next chapter.
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Particle Detection
The human organism is constantly exposed to micro- and nanometer sized
particles; airborne particles are inhaled, particles in food and drinks are con-
sumed in every meal and the skin comes into contact with particles through
interactions with the surroundings. These particles can be organic or in-
organic and they can originate from natural sources such as dust storms,
forest fires, volcano activities, ocean and water evaporation or from hu-
man made sources such as exhaust gasses of various types, building demoli-
tions, various types of milling and grinding, fabrication of engineered micro-
and nanomaterials etc. Most particles have little or no effect on the hu-
man organism. However, some particles can be harmful or even toxic and
they can lead to lung cancer, cardiovascular diseases, genetic alternations,
asthma, podoconiosis, Kaposi’s sarcoma etc. [87]. Due to this health hazard
of micro- and nanoparticles the interest for monitoring and characterizing
them have been increasing continuously the last three decades. Especially
engineered nanoparticles have attracted much attention due to their ex-
traordinary physical and chemical properties which have lead to discussion
about their potentially high health hazard. Workers at facilities produc-
ing nanoparticles are therefore considered to be in a potentially high risk
group [88].
Currently most exposure studies focus on the number of particles and
the size of the particles which can give valuable information in a controlled
environment [88]. However, in a real production facility or in an urban en-
vironment there is also a need for knowing which types of particles that are
present. Most particle detectors can only tell the amount of particles and
maybe also the size distribution of them [88]. To get more detailed informa-
tion about the particles techniques such as transmission electron microscopy,
scanning electron microscopy and energy-dispersive X-ray spectroscopy are
normally used. As these techniques are too expensive and time consuming
for large scale characterization there is a strong need for sensors which can
provide similar types of information.
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Figure 8.1: (a) Particles are deposited on the string by passing an aerosol through
the chip. (b) Light of various wavelengths is used to irradiate the string and particles.
(c) Induced heating of the string due to absorption of light gives shifts in the resonance
frequency which are dependent on the wavelength of the light. A finger print of the
particles can therefore be obtained by monitoring the resonance frequency of the string as
a function of wavelength.
To meet the needs for identification of nanoparticles we here propose a
new sensor; a string-based photothermal spectrometer which has the poten-
tial of single nanoparticles identification. The working principle is illustrated
in Fig. 8.1. Nanoparticles are deposited onto a string by using the string
itself as a filter fiber when passing an aerosol through the hole in the chip
spanning the string. The amount of particles deposited on the string is de-
termined by the particles concentration, sampling time and flow speed of
the aerosol. The idea of using a string as a filter fiber has already been
proposed and explored by S. Schmid and A. Boisen [89]. After sampling,
the string and particles are then irradiated by light of varying wavelengths.
As the resonance frequency of the string is sensitive to temperature changes,
heating of the string due to the absorption of light by the particles is re-
flected in the resonance frequency. A finger print of the particles can be
obtained by monitoring the shift in the resonance frequency as a function of
the wavelength of the light.
Photothermal spectroscopy has earlier been carried out by using bilayer
cantilevers as the temperature sensing element. They have been used for
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detecting chemicals [17,20], trace explosives [27] and studying bacteria [24].
The advantages of using string resonators compared to bilayer cantilevers
are that they are less prone to external vibrations and the temperature
sensitivity is increasing with decreasing dimensions which is the opposite
for bilayer cantilevers. Although this sensor is intended for nanoparticle
detection, detection of chemicals, biomolecules, viruses etc. might also be
possible.
The first section in this chapter will be started by discussing how the in-
duced frequency shifts can be maximized. The effect of changing irradiation
power level and/or string width is investigated, first via FEM simulations
and then experimentally. Detection of single particles using a single color
light source is also described in this section. Detection of different types
of particles is treated in the second section and the detection of particles
using light sources with different colors is described in the third section. A
discussion of the obtained results is given in the fourth section.
8.1 Single Particle Detection
The principle behind the string based photothermal spectrometer is that
light absorbed by one or more particles heats up the string and the resonance
frequency of the string is then shifted downwards. The magnitude of this
shift is partly determined by the ability of the particles to absorb light and
as the size of the particles decreases their ability to absorb light will in
most cases decrease as well. For this reason it is an advantage to maximize
the sensitivity of the setup which can be done by increasing the intrinsic
temperature sensitivity of the string, increasing the power of the light used
to irradiate the particles and/or by reducing the heat transfer from the
string to its surroundings. Temperature sensitivity of strings was treated
in Section 6.1 and it will therefore not be described here. Increasing the
irradiation power or reducing the heat transfer will both lead to an increase
in the overall temperature of the string and hence a larger change in the
resonance frequency. If the string is placed in vacuum, heat can only be
transferred to its surroundings by conduction through its two anchor regions
and by thermal radiation. Conduction and convection to a surrounding
atmosphere will not take place in this situation. The heat transfer is for
both mechanisms related to the width of the string and a reduction in the
width will lead to a reduction in the heat transfer to the surroundings.
8.1.1 FEM Simulations
FEM simulations have been used to investigate how induced frequency shifts
are related to the level of heating and the width of the string. All simulations
have been made using the FEM simulation software COMSOL4.2. Two sets
of simulations have been made. One in which the resonance frequency of a
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900 µm long, 6 µm wide and 200 nm thick silicon nitride strings is simulated
when different levels of heating are applied to the center of it. The used heat
source is circular and it has a diameter of 6 µm which is similar to the one
used in the experiments. The power of it is varied from 0 nW to 1000 nW. In
the second type of simulations, the resonance frequency is again simulated
for a string with same length and thickness. This time the width is changed
in steps of 4 µm from 6 µm to 50 µm. The power of the heating source is set
to 0, 100, 200 or 300 nW. Particles on the strings have not been included in
the simulations as they will only make a difference in the heat flow into the
sting which is anyway included in the simulations.
In all simulations, an initial stress of 200 MPa is introduced onto the
structures and following values have been used for Young’s modulus, coeffi-
cient of thermal expansion, mass density, thermal conductivity, heat capac-
ity and emissivity: 250 GPa, 1 ppm/◦C, 2900 kg/m3, 20 W/(m ◦C), 700
J/(kg ◦C) and 1, respectively. To simplify the simulations it is only the
beams that are simulated. The influence from the frame supporting them is
neglected. The symmetry of the beams is utilized to minimize the number
of needed elements. Therefore, only one quarter of the beams are simulated
and symmetric boundary conditions are applied on two sides of them. The
temperature of the anchor regions is fixed. Temperature induced changes in
the coefficient of thermal expansion and Young’s modulus are also neglected.
Fig. 8.2a shows the induced frequency shift for a 6 µm wide string as a
function of heating power. The frequency shift is decreasing linearly with
increasing heating power. The linear behavior is only true as long as the
anchor regions of the string can be considered as heat sinks. At some point
this is no long true and expansion of the frame will have an influence on the
resonance frequency of the string. This will probably make the slope less
steep as expansion of the frame will introduce more stress in the string.
Fig. 8.2b shows the induced frequency shift when the width of the string
is varied. The frequency shift scales linearly with inverse of the string width
for the three power levels. Hence, the ratio between the frequency shifts
induced when irradiating an area of a string with and without a particle
will be the same no matter the string width. The same will be true for
different power levels.
Transient simulations of the temperature distribution did also reveal
that the heat capacity does not affect the frequency shift when a string is
irradiated for more than ∼0.2 second. This is in agreement with thermal
time constants and experimental results presented in Chapter 7.
To verify the results from the simulations and that light absorption by
a single particle can be detected two sets of experiments were prepared and
carried out. One in which the string width was kept constant and the power
of the light spot, used to irradiated the bare silicon nitride string and a
particle on it, was varied. And another, where the irradiation power was
kept constant and the width of the strings was varied.
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Figure 8.2: (a) Induced frequency shift of a 900 µm long, 6 µm wide and 200 nm thick
silicon nitride string as a function of inward heat flux. The inward heat flux occurs at the
center of the string in a circular area with a diameter of 6 µm. (b) Induced frequency shift
of a 900 µm long and 200 nm thick silicon nitride string as a function of string width for
three different levels of the heating, 100 nW, 200 nW and 300 nW. All simulations have
been made in COMSOL4.2.
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Figure 8.3: String of varying width with blue polystyrene particles. The white scale
bares all have a length of 20 µm.
8.1.2 Experimental
The readout laser in the laser-Doppler vibrometer can be used for irradiating
strings and particles. However, the readout is dependent on the reflection of
the laser light and non-similar reflection from different types of materials can
therefore have an influence on it. To eliminate any errors like that a second
light source (635 nm) was added to the laser-Doppler vibrometer and used
for the irradiation. Details on how to added this second light source can be
found in Section 5.1. The laser spot had a diameter of ∼6 µm and it could
be positioned anywhere in the view field of the laser-Doppler vibrometer by
the rotation of x/y knops. The power of the added light source has been
measured using the powermeter described in Section 5.4.
Single blue polystyrene particles (68553, Sigma) with a diameter of
2.8 µm were placed on five 180 nm thick and 896 µm long silicon nitride
strings with varying width. The width of the strings is 50 µm, 30 µm, 14 µm,
6 µm and 3 µm. An etched tungsten needle with a tip diameter of roughly
1 µm mounted on a high precision xyz-stage was used to pick and place the
particles [90]. The five strings with particles on can be seen in Fig. 8.3.
The chip with the strings was placed inside a vacuum chamber at a pres-
sure below 3×10−5 mbar. Actuation and readout of the strings were done as
described in Section 5.1. Their resonance frequencies at room temperature
varied from 134 kHz for the widest string to 130 kHz for the narrowest string
after adding the particles.
A labVIEW program was used to modulate the laser light as a square
wave (1 Hz), record the measured resonance frequencies when the laser was
on and off and subtract them from each other to calculate the induced
frequency shifts. The reason for determining frequency shifts in this way was
to minimize the effect of thermal drift inside the chamber. The frequency
sampling rate was ∼200 ms and the modulation frequency could therefore
not be much higher than the one used.
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8.1.3 Results and Discussion
Fig. 8.4a shows the maximum frequency shift introduced while placing the
laser spot on the 6 µm wide silicon nitride and on the blue particle placed
on it as a function of laser power. Each point represents the average value
and the standard deviation for 5 repetitions of the measurement. The laser
spot was moved and replaced between each measurement. For all non-zero
power levels the shifts introduced when placing the laser spot on the bare
silicon nitride and on the blue particle can easily be distinguished from
each other. The frequency shifts induced when irradiating the bare silicon
nitride and the blue particle with a ∼400 nW laser spot are -1.2±0.2 Hz
and -28±3 Hz, respectively. For the highest power level these shifts were
increased to −26±7 Hz and -690±50 Hz. Variations in the measured values
were mainly due to positioning of the laser spot. If the laser spot was not
moved and the frequency shift was measured for a time period of 1 minute
the standard deviation of the measured values was below 1 Hz, even when
placing the laser spot on the blue particle using the highest power level.
The ratio between the two frequency shifts at each power level is slightly
increasing from 22.9 at the lowest power level to 26.5 at the highest power
level. Despite of the small increase in the ratio, the tendency observed
in simulations and experiments is the same. Hence, the magnitude of the
frequency shift increases linearly with laser power.
Results from the experiment where the string width is changed and the
laser power is kept constant can be seen in Fig. 8.4b. Again, the average
value and the standard deviation for 5 repetitions of the measurement are
plotted. The power of the laser spot used in this experiment was measured to
be ∼380 nW. Comparing the frequency shift induced when placing the laser
spot on the blue particle on the 6 µm wide string with the one obtained in the
previous experiment a factor of ten in difference can be seen. Two different
laser diodes of same type were used in the two experiments. The distribution
of light in the two laser spots was not the same. The laser diode used in this
experiment and in the experiment described in next section produced a spot
which was very bright in the center. The other diode produced a spot with
a more even distribution of light. As both spots had a diameter of ∼6 µm,
the intensity of the light hitting the particle was different and it is believe
that this causes the difference in the measured shifts.
The frequency shift induced when positioning the laser spot on the bare
silicon nitride string is changing from -0.62±0.03 Hz for the widest string to
-6.35±1.2 Hz for the narrowest string and it is changing from -29.6±0.7 Hz
to -504±14 Hz when irradiating the blue particles. The larger error bars
seen for the 3 µm wide string is attributed to less accurate positioning of
the laser spot. Only a part of the laser spot was visible, when positioning
it on the 3 µm wide string or the particle on it, as the diameter of it was
larger than the string width. The measured frequency shifts seems to scale
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Figure 8.4: (a) Induced frequency shift of a 896 µm long, 6 µm wide and 180 nm thick
silicon nitride string when positioning a laser spot on the bare silicon nitride or a blue
polystyrene particle placed on it as a function of the laser power. (b) Induced frequency
shift of 896 µm long and 177 nm thick silicon nitride strings while irradiating the bare
silicon nitride or a blue polystyrene particles on them by a 380 nW laser spot as a function
of string width. Each point in the two graphs is the average value from 5 measurements
and the error bars represents the standard deviations for the obtained values.
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as one over the string width as expected from the simulations. However,
the ratio between the frequency shifts measured for each string width is
not constant. Starting with the widest string the ratios are 47, 36, 41, 71
and 79, respectively. The reason why the ratio is increasing for decreasing
string width might be related to the size of the laser spot. The frequency
shift measured when irradiating the particle on the widest strings was due
to light absorption by the particle and the silicon nitride surrounding it, as
the laser spot was larger than the particle. For the narrowest string, having
a width smaller than the diameter of the laser spot, light absorption by the
silicon nitride contributed less to the induced frequency shift. The reduced
contribution from the silicon nitride may be the reason for the increased
frequency ratio. Variations in the size of the particles can also have an
influence on the frequency ratio. If the change in frequency ratio is due to
the size effect of the laser spot, the only way of increasing the ratio is by
reducing the amount of light absorbed by the silicon nitride. The easiest
ways of doing this is by reducing the thickness of the string or coat it with
a highly reflective material. For some wavelengths it might also make sense
to change the string materials if its absorption is too high.
The detection of a particle is possible if it absorbs more light than the
silicon nitride area it is covering and the added frequency shift is larger than
the noise in the frequency shift measurement. Reduced absorption due to
increased light reflection by the particle could also result in a measurable
frequency change. However, reflection is not the scope for now. For esti-
mating the minimum size of a single blue polystyrene particle which can be
detected it is assumed that the light absorption by the particle scales lin-
early with its cross sectional area. Using values obtained for the narrowest
string and assuming that a particle is detected when it induces a shift equal
to three times the standard deviation obtained when measuring on the bare
silicon nitride, a particle with a diameter of ∼250 nm should be detectable.
A lower value can be obtained by using the standard deviation for a one
minute measurement on the bare silicon nitride where the laser spot is not
moved. However, in this case a change in frequency shift might not be due
to detection of a particle but just because the position of the laser spot has
changed. To push the detection limit down to sub 100 nm particles it would
make sense to reduce the width of the string even further if the noise can
be kept at the same level. Another solution could be to add more than just
one particle onto the string. This will most likely also be the situation in
a real case scenario. For the detection of single particles it would be an
advantage to use a laser spot with a size as small as possible to minimize
light absorption by the string itself.
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8.1.4 Conclusion
FEM simulations have shown that the frequency shift induced by local heat-
ing at the center of a string scales linear with the heating power and with
the inverse of the string width. Experimental results showed similar trends
and that added light absorption by a particle placed on a string can easily
be detected by monitoring the resonance frequency of the string.
8.2 Detecting Different Types of Particles
The next step, after proving that particles can be detecting, was to demon-
strate that different types of particles can be distinguished from each other.
Three different types of particles were therefore place on the same string and
the induced frequency shifts due to light absorption have been measured.
8.2.1 Experimental
A 2.8 µm blue polystyrene particle (68553, Sigma), a 2.8 µm brown magnetic
particle (M280, Dynabeads) and a 5.9 µm white polystyrene particle (07312,
Polybeads) were placed on a 917 µm long, 14 µm wide and 180 nm thick
silicon nitride string using the pick and place method described earlier. The
frequency shifts induced when irradiating the bare silicon nitride and the the
three particles with the laser were determined as described in the previous
section. The resonance frequency of the string at room temperature was
measured to be 130.5 kHz after adding the particles.
8.2.2 Results and Discussion
Fig. 8.5a shows one measurement in which the second laser spot was placed
at several locations. The laser spot was positioned somewhere else than on
the string in the Off regions, on the bare silicon nitride in the proximity to
the particles in the SiN regions and on the blue, brown and white particle
in the BlP, BrP and WhP regions, respectively. The induced frequency shift
is zero in the Off regions. For the four SiN regions the average shift and
the standard deviation of it, starting with the most left one, is -1.1±0.1 Hz,
-1.7±0.1 Hz, -1.2±0.1 Hz and -1.1±0.1 Hz. The difference between these
values is most likely because the laser spot was placed at four different
locations on the string. The highest value was measured closet to the center
of the string and the other values further away from the center. In the
BlP, BrP and WhP regions the average frequency shifts and the standard
deviation of them are -64±0.4 Hz, -8.7±0.1 Hz and -3.3±0.2 Hz, respectively.
In the beginning of the BlP region the frequency shift is changing a bit
which is due to the manual positioning of the laser spot on the particle. The
difference in the magnitude of the frequency shifts when shining the laser
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on the particles can be correlated to the color of them. Blue absorbs more
red light then brown, which absorbs more red light than white.
The experiment described above has been repeated in total six times and
the average maximal frequency shifts plus standard deviations are plotted
in Fig. 8.5b. The largest standard deviation is obtained when positioning
the laser spot on the particles and this is again attributed to the manual
positioning of the laser spot. This plot clearly shows that all particles can
be detected and the shifts induced by them can easily be distinguished from
each other.
In this controlled experiment particles of similar sizes have been used and
for that reason the size dependence of the light absorption is more or less
canceled out. This will of course not be the case when analyzing particles
filtered out from an aerosol. Then two different types of particles can absorb
the same amount of light if they have different sizes. To overcome this
problem light with different wavelengths has to be used. The ratio between
absorption of different wavelengths will depend on the nature of the particle
and hence the size effect can be eliminated in this way.
8.2.3 Conclusion
It has been successfully demonstrated that three different types of particles
can be detected and more important the frequency shifts induced by them
can easily be distinguish from each other.
8.3 Multiple Color Test
The number of wavelengths needed to detect a specific type of particles
can range from only a few to an entire spectrum depending on its nature.
The next step in this proof of concept was therefore to demonstrate that
wavelength dependent absorption by particles can be detected using strings.
8.3.1 Experimental
Optical filters in the laser-Doppler vibrometer only allows red light to passe.
The RGB diode setup described in Section 5.3 was therefore used for irradi-
ating strings and particles. Readout, actuation and modulation of the light
were done as in the experiments described above. The modulation frequency
of the light was 0.5 Hz. The RGB setup does not allow movement of the
light source with respect to the strings during an experiment. A particle
free string was therefore used as a reference for determine frequency shift
induced by the particles.
The light used for irradiation passes through a 221×528 µm wide slit
before it hits the strings. The power of the red, green and blue light after
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Figure 8.5: (a) Induced frequency shift of a 917 µm long, 14 µm wide and 180 nm
thick silicon nitride string with a 2.8 µm blue polystyrene, 2.8 µm brown magnetic and a
5.9 µm white polystyrene particle on top of it when positioning a red laser spot on several
positions of it. The used laser spot had a power of ∼350 nW. The laser spot was positioned
somewhere else than on the string in the Off regions, on the bare silicon nitride in the
SiN regions and on the blue, brown and white particle in the BlP, BrP and WhP regions,
respectively. (b) The average values plus the standard deviations for 6 measurements of
the frequency shifts induced when placing the laser spot on the bare silicon nitride and
the three particles.
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Figure 8.6: The difference in frequency shift between a string with ∼30 blue polystyrene
particles and a string without when they are irradiated by red, green and blue light.
The frequency shift induced when shining light on a string is determined by taking the
difference between the resonance frequency when the light is on and off. The gray and
black curves show the measured data from two repetitions of the experiment. The three
colors in the plot indicate when the red, green and blue light is used.
passing through the slid was measured to be ∼4 µW, ∼11 µW and ∼7 µW
respectively.
The pick and place method described before was used to place ∼30 blue
polystyrene particles around the center of a 917 µm long, 30 µm wide and
180 nm thick silicon nitride string.
8.3.2 Results and Discussion
The resonance frequency of the string with particles and the reference string
was 130.3 kHz and 134.2 kHz, respectively. The lower frequency of the string
with particles is due to the added mass from the particles.
The difference in frequency shift between the reference string and the
string with particles when shining red, green and blue light on them can be
seen in Fig.8.6. The two curves in the plot are results from two repetitions of
the experiment. The setup was taken apart and put together again between
the two measurements. The gray and black curve in Fig. 8.6 are the data
recorded when the string with particles was placed as in Fig. 8.7 left and
right, respectively. The difference in positioning of the string with respect to
the slid can explain some of the differences between the two measurements.
Another source of error it the position of the slid with respect to the light
source underneath which was not identically. Both curves show that absorp-
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Figure 8.7: Left and right picture show the position of the strings with respect to the
slid when the data plotted in gray and black in Fig. 8.6 was obtained. The slid areas are
framed by the white dotted squares. The reference string is the one left to the string with
particles.
tion by the particles only takes place when the string was irradiated by red
and green light, as expected, and the absorption pattern was repeatable.
8.3.3 Conclusion
This simple experiment proves that wavelength dependent light absorption
by particles on a string can be detected by monitoring the resonance fre-
quency of the string.
8.4 Discussion
The detection of particles using visible light for the irradiation was demon-
strated with success in the experiments described above. However, the use
of visible light can only give limited information about the chemical prop-
erties of the particles sitting on the string. Infrared light has to be used
instead to be able to obtain this kind of information. Silicon nitride might
not the best material choice when using infrared light as it shows a strong
absorption in the 8 µm to 12 µm range [28]. A simple solution to this prob-
lem could be to add a thin metallic layer on the string. Besides reducing
absorption, a metal layer can also give an enhanced absorption of infrared
light by particles placed on it. Thin metal layers are frequently used in sur-
face enhanced infrared absorption (SEIRA) spectroscopy [91–93]. In order
to obtain the largest enhancement the surface of the metal film has to be
rough and for that reason standard physical deposition methods might not
give the best result. A simple and elegant way of getting a rough metal layer
on top of a string is by depositing metallic nanoparticles on it by using the
same technique suggested for depositing the particles to be detected. The
average thickness of the layer can be controlled by adjusting the deposition
time, air flow rate and concentration of metallic particles in the aerosol.
The light sources used so far have been a focused laser beam or LED
light send through a slid have been used. Both types have their pros and
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cons. The focused beam can be scanned across the string and information
from different parts of it can be obtained. Optical filters in the laser-Doppler
vibrometer did only allow red light to pass and the manual positioning of the
laser spot turned out to be a challenging task. Using the LEDs allowed for
the use of light with different wavelengths and a broader area of the strings
could be irradiated but the position of it was fixed. For single particle
detection a well focused beam would be the best solution due to the limited
interference from other particles or the string itself. However, for multiple
particle detection or detection of absorbed molecules a broader light beam
would be more favorable as more particles or molecules can be probed at the
same time. As mentioned before the number of needed wavelengths depends
on the application. In a simple case a few wavelengths is needed and they
can come from separate LEDs or laser diodes if they are available. If not
a broad band light source combined with narrow bandpass filters can be
used. When more wavelengths is needed a tunable laser or a broad band
light source combined with a monochromator has to be used.
All the experiments described above have been carried out in vacuum to
reduce heat transfer from the strings to their surroundings. At atmospheric
pressure added heat transfer due to conduction and convection to the sur-
rounding atmosphere will result in a lower sensitivity. During sampling the
string could be utilized as a mass sensor which could provide information
about the particle sizes and the concentration of them. The string based
mass sensor has already been demonstrated by Schmid et al. [76]. Com-
bined information about size, concentration and type can give a very good
picture of the health hazard due to the exposure to nanoparticles at a given
location.
8.5 Summary
In light of the experiments described above, the realization of a string-based
photothermal spectrometer seems possible. As a proof-of-concept it has been
demonstrated that particles of different composition can be distinguished
from each other by probing them individually with a light source and that
wavelength dependent absorption can be detected. Additionally is has been
demonstrated that the induced frequency shift increases with increasing laser
power and decreasing string width. The current detection limit for single
blue polystyrene particle has been estimated to be a particle with a diameter
of ∼250 nm. This detection limit is of course highly dependent on the
nature of the particle to be detected. The detection limit will be different
for particles showing stronger or weaker light absorption. It is believed that
the detection limit can be pushed even further down by reducing the width
of the string and probing several particles at the same time.
From these limited number of experiments, the idea of detecting and
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identifying nanoparticles by using a string-based photothermal spectrometer
seems very attractive. A lot of development has to come but the basic
working principle has been demonstrated with success.
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Conclusion
The aim of this Ph.D. project was to improve an existing type of micro-
mechanical temperature sensor or develop a new one. Two different types of
micro-mechanical temperature sensors have been studied: Bilayer cantilevers
and micro-string resonators.
The use of bilayer cantilevers as temperature sensors is well-known and
the goal was therefore to improve the sensitivity of them. The temperature
sensing principle of bilayer cantilevers was first described theoretically. The
temperature sensitivity is dependent on the length of the cantilevers, the
stiffness ratio, thickness ratio and the difference in coefficient of thermal ex-
pansion between the two layer materials. The sensitivity was tried improved
by increasing the difference in thermal expansion. Silicon rich silicon nitride
cantilevers were coated with SU-8 instead of a metal as normally done. De-
flection versus temperature measurements carried out in air showed that
absorption and desorption of water from the SU-8 polymer matrix domi-
nated the response of the cantilevers at temperatures between 20 ◦C and
35 ◦C. The sensitivity, ∼220 nm/◦C, measured in a nitrogen atmosphere
was approximately one half of the expected value. The reduced sensitivity
is attributed to initial bending of the cantilevers and poor adhesion between
the silicon nitride and the SU-8. No further attempts were made to im-
prove the sensitivity of bilayer cantilevers as it was decided to focus on the
string-based temperature sensor instead.
The theory describing the free vibration of beams with and without
axial tensile stress has been presented. It was shown that the vibrational
behavior of tensile stressed beams approaches the vibrational behavior of
strings the more tensile stressed they are. An expression for the temperature
dependent eigenfrequency of string-like beam resonators has been deduced
and an expression for the temperature sensitivity of them. The sensitivity
is increasing for increasing resonant mode number, Young’s modulus of the
string material, difference in thermal expansion between the string and the
frame spanning it and for decreasing length, mass density and pre-stress.
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The sensitivity will be increasing with temperature if the beam has a higher
coefficient of thermal expansion than the frame clamping it. The opposite
will be the case if the frame has a higher coefficient of thermal expansion
than the string. The forced vibration of a damped oscillators have also been
described.
Silicon rich silicon nitride, nickel and aluminum strings of various lengths
were successfully fabricated. These strings have been used to demonstrate
the sensing principle and that the sensitivity can be tailored in accordance
to the analytical model. A relative change in resonance frequency per degree
temperature change of -15±1 %/◦C was demonstrated using the low stressed
aluminum strings. This value is more than 100 times higher than values
reported by other groups for similar devices. A temperature resolution of
2.5×10−4 ◦C was achieved using the shortest silicon nitride strings. This
temperature resolution is better than the temperature resolutions obtained
for other types of resonating micro-mechanical temperature sensors. The
achieved temperature resolution was limited by fluctuations in the power
of the readout laser. Theoretically it should be possible to achieve sub-
microdegree temperature resolutions using the high Q silicon nitride strings.
Anelastic behavior was observed when monitoring the resonance fre-
quency of strings or cantilevers after they have been subjected to a step-
wise change in local heating. Comparing the silicon nitride and aluminum
strings, the observed behavior was least pronounced for the silicon nitride
strings. This could explain why no hysteresis was observed for the silicon
nitride strings when doing the frequency versus temperature measurements.
Cantilever point heating experiments revealed that heating at the anchor
region can shift the resonance frequency up and down. Heating at the cen-
ter shifts the resonance frequency up and heating at one of the edges shifts
the resonance frequency down.
Despite the lowest sensitivity, the silicon nitride strings turned out to
show the best overall performance as temperature sensor. These strings were
therefore used when demonstrating the detection and identification of micro-
particles using a string-based photothermal spectrometer. FEM simulations
and experiments have shown that the shift in resonance frequency induced
due to absorption of light by the string or a particle on it scales linearly with
the power of the irradiation source and with the inverse of the string width.
Based on the experimental results it should be possible to detect a single blue
polystyrene particle with a diameter of ∼250 nm using the current setup.
The detection of different types of particles and the wavelength dependent
light absorption by particles have also been demonstrated with success.
The final conclusions of this Ph.D. project are: i) silicon nitride strings
can be used for making state of the art resonating micro-mechanical tem-
perature sensors and ii) a photothermal spectrometer based on them can be
used for detecting and identifying micro- and nano-particles.
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9.1 Outlook
To be able to fully utilize the potential of string-based temperature sen-
sors it is important to get a better fundamental understanding of how they
work. This Ph.D. thesis gives information about how the sensitivity can be
tailored, temperature resolutions that can be obtained and the anelastic be-
havior observed for the silicon nitride and aluminum strings. The precision
and accuracy of the sensors have only been studied briefly and this has to
be studied in more details. This will involve more detailed studies of the
anelastic behavior and long-term stability studies.
The string materials used in this Ph.D. project might not be the most
optimal ones. Therefore, new string materials have to be studied. Some
relevant materials could be silicon carbide, tungsten carbide, aluminum ox-
ide, aluminum nitride or zirconium oxide. All these materials give a better
combination of Young’s modulus and coefficient of thermal expansion than
silicon rich silicon nitride [50]. In addition, all these materials have high
melting points, above 2000 ◦C, and they are therefore expected to show a
low degree of anelasticity at room temperature [50].
All the strings analyzed during this Ph.D. project have been made from
one material. Coating a high Q silicon nitride string with a metal could
lead to an improved sensitivity while still maintaining the excellent dynamic
properties of the silicon nitride strings. This might lead to an improved
temperature resolution but it is not known and future studies exploring it
has to be carried out.
Fluctuations in the power of the readout laser turned out to be the lim-
iting factor when determine the temperature resolution of the high Q silicon
nitride strings. A study exploring which transduction method that is the
most effective one is therefore needed. The use of a more effective transduc-
tion method would most likely improve the temperature resolutions. This
could close the gap in temperature resolution that still exists when com-
paring resonating micro-mechanical temperature sensors with micro-scale
thermocouples, RTDs , thermistors and bilayer cantilevers.
The working principle of the string-based photothermal spectrometer
was demonstrated during this Ph.D. project. The next steps would be to
explore the absorption of infrared light, the use of metal layers for enhanc-
ing the absorption of infrared light and which types of particles that can be
identified and which ones that cannot. In addition, it could also be inter-
esting to explore the use of the string-based photothermal spectrometer for
detection of chemicals, biomolecules, viruses etc.
Ph.D. student Shoko Yamada has already started to explore the detec-
tion and identification of particle by using infrared light. Fig. 9.1 shows the
measured resonance frequency of a 511 µm long, 3.3 µm wide and 185 nm
thick silicon nitride string as a function of the irradiation wavelength. The
infrared radiation source used for the irradiation uses three different gratings
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Figure 9.1: The measured resonance frequency of a 511 µm long, 3.3 µm wide and
185 nm thick silicon nitride string as a function of the irradiation wavelength. The in-
frared radiation source used for the irradiation uses three different gratings for providing
monochromatic light with wavelengths ranging from ∼2.5 µm to ∼14.5 µm. This graph
is based on data provided by Shoko Yamada.
for providing monochromatic light with wavelengths ranging from ∼2.5 µm
to ∼14.5 µm. The graph is for this reason divided into three parts. This
preliminary result shows that absorption of infrared light can also be de-
tected by monitoring the resonance frequency of a string. However, it did
also show that the light absorption by the string is high for light with wave-
lengths ranging from ∼8 µm to ∼12 µm.
The use of the strings as temperature sensors has so far involved the use
of a vacuum chamber in order to minimize damping and a laser-Doppler
vibrometer for reading out the resonance frequencies. Vacuum packaging of
the strings and integration of the transduction could eliminate the need for
both. The strings can in this case be used as temperature sensors in a more
traditional way.
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Project: SU-8 coated silicon nitride cantilevers
Author: Tom Larsen Operator:    Tom Larsen
Group: Nanoprobes
Substrate: Silicon <100>, 100 mm, 350 µm, double side
Step # Description Equipment Program/Parameters
1 Thermal Oxidation
Stock out 350 µm double side polished
Oxidation Furnace: Bor Drive-in wet1150, time: 5 h, thickness 1530
2 Silicon Rich Silicon Nitride Deposition
LPCVD nitride 
deposition LPCVD  nitride furnace
lowstr, deposition time: 1 h 55 min, SiNx 
thickness 530 nm
3 UV Photolithography on the Backside
HMDS HMDS oven, Star2000 Recipe 4 (normal)
Spin coating and 
backing Track1 PR2_2
Exposure EV aligner 10sek, mask: KOH backside
Developing Developer bath 1 or 2 70sek
Spin coating SSE spinner 2.2µm  - no bake
Baking Oven 120 30 min
4 Etch of Silicon Nitride and Oxide
Nitride etch RIE1 oh-polyA, time: 20 min
Oxide etch BHF tank Time: 22 min
Removal of resist Acetone 
5 Anisotropic Silicon Etch
Silicon etch KOH2 KOH 28wt% 80ºC, time: 4h, etch depth: ~310 µm  
7-up 7-up 4" Time: 10 min
6 UV Photolithography on the Front Side
HMDS HMDS oven, Star2000 Recipe 4 (normal)
Spin coating KS Spinner 2.2µm  - without vacuum
Soft-bake Hotplate 90ºC in 60 s
Exposure KS aligner 8 sec, mask: BMV1 C
Developing Developer bath 1 or 2 70 sec
7 Etch of Silicon Nitride
Nitride etch RIE1 oh-polyA, time: 20 min
Removal of resist Acetone 
8 UV Photolithography - SU-8 2002
Backing 250ºC oven Over night
Spin-coating KS spinner 1500rpm, 30s, 5000rpm/s, SU-8 2002
Soft-bake Hotplate 10min, 70ºC, 2ºC/min
Exposure KS aligner 2x35.7sek, 30sek pause
Post-exposure bake Hotplate 1h, 70ºC, 2ºC/min
Cool down 1 hour 
Developing SU-8 developers 2min FIRST, 2min FINAL +Isopropanol reinse 
Developer evap 1 hour 
Flood exposure KS Aligner 2x35.7sek, 30sek pause
Hard-bake Oven 15h, 120ºC
Inspection Dektak 8 1.8 µm
9 Release of Cantilevers
Silicon etch RIE1 oh-polyA, time: ~100 min
Oxide etch BHF fumehood Time: 22 min
Figure A.1: Detailed process sequence for the fabrication of SU-8 coated silicon nitride
cantilevers.
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Project: Silicon nitride strings
Author: Silvan Schmid
Operator: Silvan Schmid
Group: Nanoprobes
Substrate: Silicon <100>, 100 mm, 350 µm, double side
Step # Description Equipment Program/Parameters
1 Silicon Rich Silicon Nitride Deposition
Stock out 350 µm double side polished
LPCVD nitride 
deposition LPCVD  nitride furnace
lowstr, SiNx thickness 180 nm or 340 
nm
2 Defining Strings
HMDS HMDS oven, Star2000 Recipe 4 (normal)
Spin-coating and 
backing Track1 PR2_2
Exposure KS aligner 7 sec
Developing Developer bath 1 or 2 50 sec
Rinse (water)
Inspection Optical microscope
SiNx etch RIE2 oh_polyA, time: use endpoint detection 
Resist strip Acetone
Plasma treatment Plasma asher O2: 500 ml/min, N2: 50 ml/min, power: 1000W
3 Deposition of PECVD Silicon Nitride
PECVD SiN PECVD 3 mfsinls, time: 35 min, thickness: ~400 nm
4 Defining Backside Release Openings
HMDS HMDS oven, Star2000 Recipe 4 (normal)
Spin-coating and 
backing Track1 PR2_2
Exposure KS aligner 7 sec
Developing Developer bath 1 or 2 50 sec
Rinse (water)
Inspection Optical microscope
SiNx etch RIE2 oh_polyA, time: use endpoint detection 
Resist strip Acetone
Plasma treatment Plasma asher O2: 500 ml/min, N2: 50 ml/min, power: 1000W
6 Release of Strings
Silicon etch KOH2 KOH 28wt% 80ºC, time: 4.5 h 
Rinse (water)
PECVD SiN etch BHF time: 10-15 min
Figure A.2: Detailed process sequence for the fabrication of silicon rich silicon nitride
strings.
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Project: Nickel strings
Author: Tom Larsen
Operator: Tom Larsen
Group: Nanoprobes
Substrate: Silicon <100>, 100 mm, 500 µm, single side
Step # Description Equipment Program/Parameters
1 Thermal Oxidation
Stock out 500 µm single side polished
Thermal oxidation Furnace: Phosphor Drive-in dry1000, time: 20min, thickness 80 nm
2 Defining Nickel Lines
HMDS HMDS oven, Star2000 Recipe 4 (normal)
Spin-coating and 
backing Track1 PR1_5
Exposure KS aligner 3.5 sec, mask: Al strings
Post baking Small hotplate 120ºC, 2 min
Post exposure KS aligner 30 sec
Developing Developer bath 1 or 2 60 sec
Ni deposition Wordentec 100 nm, 1 nm/s
Lift-off Fume hood 5-10 min with ultrasound pulses
Inspection Optical microscope
3 Release of Strings
HMDS HMDS oven, Star2000 Recipe 4 (normal)
Spin-coating and 
backing Track1 PR2_2
Exposure KS aligner 8 sec, mask: RIE etch
Developing Developer bath 1 or 2 70 sec
Inspection Optical microscope
Isotropic etch RIE2 Powe: 30 W, pressure: 80 mTorr, gas flow: 40 sccm SF6 Time: 60 min
Inspection Optical microscope
4 Removal of Photoresist
Photoresist strip Plasma Asher 1
O2: 210 ml/min, N2: 70ml/min, power: 
100W, time: continue until all 
photoresist is removed
5 Removal of Oxide 
BHF BHF fumehood Time: 4 min
Rinse Water tank Time: 5 min
Drying Ethanol drying Keep wafer wet until drying 
Inspection SEM LEO
Figure A.3: Detailed process sequence for the fabrication of nickel strings.
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Project: Aluminum strings 
Author: Tom Larsen
Operator: Tom Larsen
Group: Nanoprobes
Substrate: Silicon <100>, 100 mm, 500 µm, single side
Step # Description Equipment Program/Parameters
1 Silicon Rich Silicon Nitride Deposition
Stock out 500 µm single side polished
LPCVD nitride 
deposition
LPCVD  nitride furnace
lowstr, deposition time: 3 min, total 
process time: 2 h 51 min, SiNx 
thickness 20 nm
2 Defining Aluminum Lines
Al deposition Wordentec 150 nm, 1 nm/s
HMDS HMDS oven, Star2000 Recipe 4 (normal)
Spin-coating and 
backing Track1 PR1_5
Exposure KS aligner 4 sec
Post baking Small hotplate 110ºC, 120 sec
Post exposure KS aligner 30 sec
Developing Developer bath 1 or 2 65 sec
Inspection Optical microscope
Al etch H20:H3PO4 1:2 58ºC, time: 1 min and 25 sec
Removal of resist Acetone 
Inspection Optical microscope
3 Release of Strings
Spin-coating and 
backing Track1 PR2_2
Exposure KS aligner 8.5 sec
Developing Developer bath 1 or 2 70 sec
Inspection Optical microscope
Annealing 250 degree ovn (burned resist) 3 h @ 250 degree
Isotropic etch RIE2
Powe: 30 W, pressure: 80 mTorr, gas 
flow: 40 sccm SF6, time: 45-50 min, 
use endpoint detection for terminating 
the etch when resist is gone
Inspection SEM-Ziess
Figure A.4: Detailed process sequence for the fabrication of aluminum strings.
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Matlab Scripts for
Ring-down Curve Fits
The following two Matlab scripts have been used to fit the envelope of the
measured ring-down curves and calculate the quality factors. Both scripts
have been written by Silvan Schmid.
The first script makes the exponential fit and calculates the quality fac-
tor. The section script finds the points to be fitted from the loaded data
file.
pFileName is the name of the file to be loaded, pFres is the resonance
frequency of the resonator, pFragWidth defines how many measurement
points that are evaluated each time a fitting point is found and pStart defines
where the fitting is started from.
1 function [Q] = extractQ(pFileName, pFres, pFragWidth, pStart)
2 %extractQ extracts the Quality Factor out of a resonator ...
ringdown curve
3 data = csvread(pFileName,3);
4 figure; plot(data(:,1),data(:,2));
5
6 fitPoints = getFitPointsFromStart(data(:,2), data(:,1), ...
pFragWidth, pStart);
7
8 hold on;
9
10 startPar = [0 0 1];
11 a = nlinfit(fitPoints(:,1), fitPoints(:,2), 'expDecay', startPar)
12
13 fit = expDecay(a, fitPoints(:,1));
14 plot(fitPoints(:,1), fit, 'r')
15 hold
16
17 Q = a(3)*pi*pFres;
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1 function [peakPoints]=getFitPointsFromStart(pAmplitude, pTime, ...
pDelta, pStart)
2
3 % first all maximum values are found
4 peakPoints = [];
5 i = pStart;
6 while i ≤ length(pTime)−pDelta
7 fragB = i;
8 fragE = int32(i + pDelta);
9 fragment = pAmplitude(fragB:fragE);
10 point = [pTime(int32(i+pDelta/2)) max(fragment)];
11 peakPoints = [peakPoints ; point];
12
13 i = fragE + 1;
14 end
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Allan Deviation Matlab
Script
The Matlab script used to calculate the Allan deviation of frequency versus
time data has been provides by Luis Guillermo Villanueva Torrijo and it is
given below.
1 function [tau, allandev] = AllanDev(data)
2 time=(data(:,1)−data(1,1));
3 f=data(:,2);
4 f0=mean(f);
5 df=f−f0;
6 Ts=mean(diff(time));
7 t=[0:Ts:(length(f)−1)*Ts];
8
9 H=2*pi*tf([1],[1 0]);
10 dphi=lsim(H,f,t);
11
12 x=dphi/(2*pi*f0);
13
14 tau=Ts*[1:floor(length(x))];
15 sigmay 2=zeros(1,length(tau));
16
17 for ii=1:1:length(tau)
18 xtemp=x(1:round(tau(ii)/Ts):length(x));
19 ybar=diff(xtemp)/tau(ii);
20 for j=1:length(ybar)−1
21 sigmay 2(ii)=sigmay 2(ii)+(ybar(j+1)−ybar(j))ˆ2;
22 end
23 sigmay 2(ii)=1/2*1/(length(ybar)−1)*sigmay 2(ii);
24 end
25
26 allandev=sqrt(sigmay 2);
27
28 data2(:,1)=tau;
29 data2(:,2)=allandev;
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30
31 DS=dataset(data2);
32 filename='Allan Dev.dat';
33 export(DS,'file',filename,'Delimiter','tab','WriteVarNames',false);
34
35 end
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Temperature Controlled
Stage
For heating and cooling chips with cantilevers or strings a temperature con-
trol stage was constructed. The top of the stage consists of a 14.8 mm ×
14.8 mm × 4 mm brass block with an embedded thermistor (10 kΩ @ 25 ◦C)
used for measuring the temperature. This block is placed on a Peltier ele-
ment which is used for heating and cooling the brass block. Underneath the
Peltier element is a large aluminum block which is used as a heat sink. The
resistance of the thermistor is measured by a Keithley multimeter (Model
2000) and the Peltier element is powered by a TTi power supply (QL355TP).
To enable switching the current direction, which is needed when switching
from heating to cooling or vise versa, a double pole double throw relay
(IM23TS, TE connectivity) is inserted in between the power supply and
the Peltier element. The relay is powered by a second power supply. A
LabVIEW based proportional–integral–derivative PID controller program,
created for the purpose, is used to control temperature of the stage. The
central part of the program is based on the following algorithm:
u (t) = KP e (t) +KI
∫ t
0
e (τ) dτ +KD
d
dt
e (t) . (D.1)
This algorithm states that the controller output, u (t), is the sum of
three terms. A proportional term that is proportional to the current error,
e (t), which is the difference between a set point and a current measured
value, an integration term which is proportional to the magnitude of the
error and the duration of it and finally the derivative term which scales with
the slope of the error. The magnitude of the three terms can be controlled
by the three gain factor KP , KI and KD. By using the first term alone the
measured value will never reached a steady value equal to the set point as the
proportional term needs a non-zero error to give an output. This means that
a pure proportionality controller can at its best only reach a point where the
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Figure D.1: LabVIEW block diagram of the PID controller. The parts of the program
framed by the black, magenta, blue, green, red and purple line are used for calculating the
error, the time between the current and the previous iteration of the loop, the proportional
term, the integration term and the derivative term, respectively.
measured value will oscillates around a given value which has an offset with
respect to the set point. The magnitude of the oscillation and the size of the
offset can be controlled by the gain factor. To get rid of the oscillation and
the offset, the integration term has to be used. This term is proportional
to the time accumulated error and it will approach a constant value within
a acceptable time span if the gain factor has been chosen correctly. Due
to the introduction of the integral term an overshoot can be observed when
approaching the set point, if the accumulated error becomes too high. The
last term, the derivative term, is introduced to reduce the magnitude of
the overshoot and to increase the stability of the system. The drawback of
introducing the last term is that it can make the system unable to respond
fast to a sudden change in the set point or the measured value. It can also
have a negative effect on the overshoot if KD is too high. The performance
of a PID controller is very sensitive to the size of the three grain factors and
for that reason they have to be adjusted with care. This can be done by
using a manually approach or some more sophisticated algorithms [94].
D.1 LabVIEW Program
The PID controller software consists of three main parts. One for acquiring
the measured resistance from the multimeter, the PID part which calculate
the voltage, which has to be applied across the Peltier element and the part
which adjust the voltage applied by the two power supplies. Since drivers
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for the multimeter and the power supply can be found on the web page of
National Instruments only the PID part will be described in details.
A block diagram of the PID part can be seen in Fig. D.1. Everything is
placed inside a while loop which continues to run until it is stopped manually.
The elements framed by the black line are used to calculate the error between
the measured value and the set point. Note that a controller element is used
in the figure to illustrate the measured value coming from the multimeter.
The calculated error is send to the three parts framed by the blue, green
and red lines. The elements inside the blue frame are used to calculate the
proportional term by multiplying the error with the KP value. Both the
integration and derivative term need to know the elapse time between the
current and the previous run of the while loop. The elapse time is calculated
by the elements framed by the magenta colored line. A tick count function
is used to tell the time of the current run of the loop which is sent the next
iteration via a shift register. Subtracting the shift register value and tick
count value from each other gives the elapse time which is divided by 1000
to convert so second before it is passed on in the program. The integration
term is now calculated by the elements inside the green frame. A while
loop which is only executed once takes the average of e(t) and e(t − ∆t)
and multiplied it by ∆t and KI . A shift register is used to pass on the
error from a previous iteration of the loop to the current iteration. It is now
checked that the newly calculated integration value, which has to be added
to the total integration term, is within a certain interval. If not only a zero
is passed on. Too large values can make the integration term grove too fast
which will resulting in a large overshoot and in worst case make the system
unstable. A shift register is used to pass on the integration term calculated
in the current iteration to the next iteration. The remaining elements inside
the while loop make sure that the total integration term is zeroed each time
the set point is changed. Calculation of the derivative term, red frame, is
done by subtracting e(t−∆t) from e(t) and divided it by ∆t. This value is
then multiplied by KD. A shift resister is again used to pass on the current
error to the next iteration. Finally the three terms are added up and the
result is used for adjusting the two power supplies. To protect the Peltier
element the maximum allowed current is limited to 1 A. The front panel of
the program allows the user to change the set point, the three gain factor
and the range of the values which can be added to the integration term. The
measured resistance is plotted as a function of time which making it easier
to monitor the performance of the setup.
D.2 Tuning the Gain Factors
The performance of the entire system is highly dependent on the three gain
parameters and there exist several approaches for tuning them. The simplest
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Figure D.2: The measured temperature as a function of time after a stepwise change in
the setpoint.
way of doing it starts by setting all values to zero. KP is increased until
the temperature starts to oscillates around a value with an offset to the
set point. The KI value is then increased until the system is capable of
compensating for the offset and the oscillation within a reasonable time. It
is important that the KI value is not too high as it will make the system
unstable. The stabilization time and the stability of the system can be
improved by increasing the KD value. However, too high values will have
the opposite effect. If the gain factors are adjusted as described, the system
should be able to stabilize the temperature around a given set point within
an acceptable time span. The program used in this case does also contain
the possibility of limiting the size of the values that can be added to the total
integration term. The reason for doing so is to avoid that the integration
term grows too fast when the difference between the set point and the actual
temperature is large. Since manual adjustment of all parameters can be
time-consuming other methods have been developed. One of the most widely
used one is the Ziegler–Nichols method in which the three gain factors are
calculated on the basics of the proportionality gain, KO, needed to achieve
oscillation and the oscillation period, TO. KP is then given as 0.6KO, KI
as 2KP /TO and KD as KPTO/8. Even though the Ziegler-Nichols method
give a good estimate for the optimal values a manual fine tuning has to be
done in the end to obtain the best performance of the system [94].
The gain factors have been tuned by first using the Ziegler-Nichols
method and then manual tuning afterwards. Fig. D.2 shows the measured
temperature as a function of time after a stepwise change in the set point.
Following gain factors were used KP=0.003, KI=0.0001 and KD=0.005 and
the limit for the values that can be added to the integration term was±0.005.
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The used values are strongly correlated to the type of temperature stage used
and they can therefore not be used directly for another system. The PID
controller makes the temperature oscillates around the set point a couple
of times before it reach a stable temperature. The difference between the
measured values and the set point is less than 0.01 ◦C 2 minutes after the
set point has been change. Fluctuations in the temperature after the PID
controller has stabilized defines the temperature stability if the setup. For
temperatures between 20 ◦C and 30 ◦C the standard deviation of the mea-
sured resistance is within the resolution of the multimeter. The resolution
of the multimeter is 10 mΩ for resistances below 10 kΩ and 100 mΩ for
resistances above. This corresponds to a temperature stability better than
0.001 ◦C. At higher temperatures the stability becomes slightly worse and
it decreases to 3σ = 0.005 ◦C at 50 ◦C.
The resistance of the thermistor is measured in a 2-wire configuration
and the uncertainty in the measured resistances can give a error of up to
±0.02 ◦C. A systematic error of less than 0.3 ◦C was observed when placing
the thermistor in an ice bad. It is of course not desirable to have a systematic
error but the observed error is comparable to the error that can be expected
form a class B Pt1000 temperature sensor. An accuracy of ±0.15 ◦C can
be achieved by using a class A Pt1000 temperature sensor. The reason for
not doing so is because of the lower sensitivity and low resistance compared
to thermistors. The lower sensitivity gives a lower temperature resolution
and the lower resistance makes the error made when measuring the resis-
tance with a 2-wire configuration more pronounced. The Steinhart-Hart
equation is often used to convert from resistance to temperature when using
thermistors. The constants used in this equation are found by fitting the
Steinhart-Hart equation to the resistance at three known temperatures. As
the fit is never perfect, errors will be introduced by using this type of con-
version. To avoid this, resistances from a calibration table are used when
adjusting the set point in the PID controller program. Heat conductive
paste is used in between the stage and the chip placed on top of it to ensure
a good heat transfer between them. The overall performance of the temper-
ature controlled stage is considered acceptable for the purpose even though
the accuracy could be better.
T. Larsen 113
Appendix D
114 T. Larsen
Appendix E
List of Publications
E.1 Articles
1. T. Larsen, S. Schmid, L. Gro¨nberg, A. O. Niskanen, J. Hassel, S.
Dohn, and A. Boisen, ”Ultra Sensitive String-Based Temperature Sen-
sors”, Applied Physics Letters, vol. 98, p. 121901, 2011.
2. T. Larsen, S. Keller, S. Schmid, S. Dohn and A. Boisen, ”Fabrication
and Characterization of SRN/SU-8 Bimorph Cantilevers for Temper-
ature Sensing”, Microelectronic Engineering, vol. 88, pp. 2311-2313,
2011.
3. T. Larsen, S. Schmid and A. Boisen, ”Micro String Resonators as
Temperature Sensors”, Temperature: Its Measurement and Control in
Science and Industry, vol. 8, xxx, 2012, In press.
4. C. Jiang, T. Larsen, T. K. Johansen and A. Boisen, ”Microwave
Readout Method for Cantilever-Based Sensors”, In progress.
5. T. Larsen, S. Schmid and A. Boisen,”Particle Detection and Identi-
fication using Micro-Resonators” In progress.
E.2 Patents
1. ”Photothermal Resonance Spectroscopy for Aerosol Composition Anal-
ysis”, S. Yamada, T. Larsen, S. Schmid and A. Boisen, In progress.
E.3 Conferences
1. T. Larsen, S. Keller, S. Schmid, S. Dohn and A. Boisen, ”Fabrica-
tion of SiNx-SU-8 Hybrid Cantilevers for Temperature Sensing”, MNE
2010: 36th International Conference on Micro and Nano Engineering,
Genoa, Italy, September 19-22, 2010.
115
Appendix E
2. T. Larsen, S. Schmid, L. Gro¨nberg, A. O. Niskanen, J. Hassel and A.
Boisen, ”Metallic Micro Strings as Temperature Sensors”, NMC 2011:
8th International Workshop on Nanomechanical Sensing, Dublin, Ire-
land, 2011.
3. S. Schmid, T. Larsen and A. Boisen, ”Real-time Particle Mass Spec-
trometry Based on Micro Resonators”, 5th International Symposium
on Nanotechnology, Occupational and Environmental Health, Boston,
USA, 2011.
4. S. Schmid, T. Larsen and A. Boisen, ”Particle mass spectrometry
based on micro string resonators for the application in portable aerosol
monitors”, The 2011 European Aerosol Conference, Manchester, UK,
2011.
5. T. Larsen, S. Schmid and A. Boisen, ”Micro String Temperature Sen-
sors”, ITS9: 9th International Temperature Symposium, Los Angeles,
California, USA, 2012.
6. T. Larsen, S. Schmid and A. Boisen, ”Micro String Temperature
Sensors”, NMC2012: 9th International Workshop on Nanomechanical
Sensing, Mumbai, India, 2012
116 T. Larsen
Bibliography
[1] T.W. Ha¨nsch. Metrology and fundamental constants, volume 166. Ios
Press, 2007.
[2] T.D. McGee. Principles and methods of temperature measurement.
Wiley-Interscience, 1988.
[3] PRN Childs, JR Greenwood, and CA Long. Review of temperature
measurement. Review of scientific instruments, 71:2959, 2000.
[4] G.C.M. Meijer, G. Wang, and F. Fruett. Temperature sensors and volt-
age references implemented in cmos technology. IEEE Sensors Journal,
Vol. 1, (3):225–234, 2001.
[5] A.V. Pattekar and M.V. Kothare. A microreactor for hydrogen produc-
tion in micro fuel cell applications. Microelectromechanical Systems,
Journal of, 13(1):7–18, 2004.
[6] C. Gota, K. Okabe, T. Funatsu, Y. Harada, and S. Uchiyama. Hy-
drophilic fluorescent nanogel thermometer for intracellular thermome-
try. Journal of the American Chemical Society, 131(8):2766–2767, 2009.
[7] F. Vetrone, R. Naccache, A. Zamarro´n, A. Juarranz de la Fuente,
F. Sanz-Rodri´guez, L. Martinez Maestro, E. Marti´n Rodriguez,
D. Jaque, J. Garci´a Sole´, and J.A. Capobianco. Temperature sensing
using fluorescent nanothermometers. ACS nano, 4(6):3254–3258, 2010.
[8] Y. Gao and Y. Bando. Carbon nanothermometer containing gallium.
Rev. Sci. Instrum, 68:2442–2446, 1997.
[9] W.C. Fon, Keith. C. Schwab, J.M. Worlock, and M.L. Roukes.
Nanoscale, phonon-coupled calorimetry with sub-attojoule/Kelvin res-
olution. Nano letters, 5(10):1968–1971, 2005.
[10] M. Ahrenberg, E. Shoifet, KR Whitaker, H. Huth, MD Ediger, and
C. Schick. Differential alternating current chip calorimeter for in situ
investigation of vapor-deposited thin films. Review of Scientific Instru-
ments, 83(3):033902–033902, 2012.
117
Bibliography
[11] A. Greve, J.K. Olsen, A. Boisen, N. Privorotskaya, WP King, L. Sene-
sac, and T. Thundat. Micro-calorimetric sensor for vapour phase ex-
plosive detection with optimized heat profile. In Sensors, 2009 IEEE,
pages 723–726. IEEE, 2009.
[12] Y. Moser and M.A.M. Gijs. Miniaturized flexible temperature sensor.
Microelectromechanical Systems, Journal of, 16(6):1349–1354, 2007.
[13] C. Zhang, J. Xu, W. Ma, W. Zheng, et al. PCR microfluidic devices
for DNA amplification. Biotechnology advances, 24(3):243–284, 2006.
[14] M.I. Recht, D.D. Bruyker, A.G. Bell, M.V. Wolkin, E. Peeters, G.B.
Anderson, A.R. Kolatkar, M.W. Bern, P. Kuhn, R.H. Bruce, et al.
Enthalpy array analysis of enzymatic and binding reactions. Analytical
biochemistry, 377(1):33–39, 2008.
[15] D. De Bruyker, M.I. Recht, F.E. Torres, A.G. Bell, and R.H. Bruce.
Vanadium oxide thermal microprobes for nanocalorimetry. In Sensors,
2010 IEEE, pages 2358–2362. IEEE, 2010.
[16] W. Lee, W. Fon, B.W. Axelrod, and M.L. Roukes. High-sensitivity
microfluidic calorimeters for biological and chemical applications. Pro-
ceedings of the National Academy of Sciences, 106(36):15225–15230,
2009.
[17] JR Barnes, RJ Stephenson, ME Welland, C. Gerber, and
JK Gimzewski. Photothermal spectroscopy with femtojoule sensitiv-
ity using a micromechanical device. Nature, 372(6501):79–81, 1994.
[18] JR Barnes, RJ Stephenson, CN Woodburn, SJ Oshea, ME Welland,
T. Rayment, JK Gimzewski, and C. Gerber. A femtojoule calorime-
ter using micromechanical sensors. Review of scientific instruments,
65(12):3793–3798, 1994.
[19] J. Lai, T. Perazzo, Z. Shi, and A. Majumdar. Optimization and perfor-
mance of high-resolution micro-optomechanical thermal sensors. Sen-
sors and Actuators A: Physical, 58(2):113–119, 1997.
[20] PG Datskos, MJ Sepaniak, CA Tipple, and N. Lavrik. Photomechan-
ical chemical microsensors. Sensors and Actuators B: Chemical, 76(1-
3):393–402, 2001.
[21] N. Abedinov, P. Grabiec, T. Gotszalk, T. Ivanov, J. Voigt, and
IW Rangelow. Micromachined piezoresistive cantilever array with inte-
grated resistive microheater for calorimetry and mass detection. Jour-
nal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films,
19(6):2884–2888, 2001.
118 T. Larsen
Bibliography
[22] P.G. Datskos, NV Lavrik, and S. Rajic. Performance of uncooled micro-
cantilever thermal detectors. Review of scientific instruments, 75:1134,
2004.
[23] S.H. Lim, J. Choi, R. Horowitz, and A. Majumdar. Design and fabrica-
tion of a novel bimorph microoptomechanical sensor. Microelectrome-
chanical Systems, Journal of, 14(4):683–690, 2005.
[24] A. Wig, E.T. Arakawa, A. Passian, T.L. Ferrell, and T. Thundat. Pho-
tothermal spectroscopy of Bacillus anthracis and Bacillus cereus with
microcantilevers. Sensors and Actuators B: Chemical, 114(1):206–211,
2006.
[25] Y.H. Lin, M.E. McConney, M.C. LeMieux, S. Peleshanko, C. Jiang,
S. Singamaneni, and V.V. Tsukruk. Trilayered ceramic–metal–polymer
microcantilevers with dramatically enhanced thermal sensitivity. Ad-
vanced Materials, 18(9):1157–1161, 2006.
[26] M.C. LeMieux, M.E. McConney, Y.H. Lin, S. Singamaneni, H. Jiang,
T.J. Bunning, and V.V. Tsukruk. Polymeric nanolayers as actuators
for ultrasensitive thermal bimorphs. Nano letters, 6(4):730–734, 2006.
[27] L. Senesac and T.G. Thundat. Nanosensors for trace explosive detec-
tion. Materials Today, 11(3):28–36, 2008.
[28] X. Yu, Y. Yi, S. Ma, M. Liu, X. Liu, L. Dong, and Y. Zhao. Design
and fabrication of a high sensitivity focal plane array for uncooled IR
imaging. Journal of Micromechanics and Microengineering, 18:057001,
2008.
[29] I. Lin, X. Zhang, Y. Zhang, et al. Thermomechanical behavior and mi-
crostructural evolution of sinx/al bimaterial microcantilevers. Journal
of Micromechanics and Microengineering, 19:085010, 2009.
[30] W. Hsu et al. Investigation of Ni-based thermal bimaterial structure
for sensor and actuator application. 2009.
[31] J. Matovic´ and Z. Jaksˇic´. A comparative analyze of fundamental
noise in cantilever sensors based on lateral and longitudinal displace-
ment: case of thermal infrared detectors. Microsystem Technologies,
16(5):755–763, 2010.
[32] S. Sadat, Y.J. Chua, W. Lee, Y. Ganjeh, K. Kurabayashi, E. Meyhofer,
and P. Reddy. Room temperature picowatt-resolution calorimetry. Ap-
plied Physics Letters, 99:043106, 2011.
[33] S.E. Zhu, R. Shabani, J. Rho, Y. Kim, B.H. Hong, J.H. Ahn, and H.J.
Cho. Graphene-based bimorph microactuators. Nano letters, 2011.
T. Larsen 119
Bibliography
[34] N. Zhang, J.C. Cheng, C.G. Warren, and A.P. Pisano. Bioinspired,
uncooled chitin photomechanical sensor for thermal infrared sensing.
In Sensors, 2011 IEEE, pages 833–836. IEEE, 2011.
[35] JK Gimzewski, C. Gerber, E. Meyer, and RR Schlittler. Observation of
a chemical reaction using a micromechanical sensor. Chemical Physics
Letters, 217(5):589–594, 1994.
[36] CM Jha, G. Bahl, R. Melamud, SA Chandorkar, MA Hopcroft, B. Kim,
M. Agarwal, J. Salvia, H. Mehta, and TW Kenny. High resolution
microresonator-based digital temperature sensor. Applied physics let-
ters, 91(7):074101–074101, 2007.
[37] M. A. Hopcroft, B. Kim, S. Chandorkar, R. Melamud, M. Agarwal,
C. M. Jha, G. Bahl, J. Salvia, H. Mehta, H. K. Lee, R. N. Candler, and
T. W. Kenny. Using the temperature dependence of resonator quality
factor as a thermometer. Applied Physics Letters, 91:013505, 2007.
[38] A.K. Pandey, O. Gottlieb, O. Shtempluck, and E. Buks. Performance of
an AuPd micromechanical resonator as a temperature sensor. Applied
Physics Letters, 96:203105, 2010.
[39] Z. Wang, X. Qiu, J. Oiler, J. Zhu, and H. Yu. Film bulk acoustic-wave
resonator (fbar) based infrared sensor. In Nano/Micro Engineered and
Molecular Systems (NEMS), 2010 5th IEEE International Conference
on, pages 824–827. IEEE, 2010.
[40] K. Ren, MB Pisani, P. Kao, and S. Tadigadapa. Micromachined quartz
resonator-based high performance thermal sensors. In Sensors, 2010
IEEE, pages 2197–2201. IEEE, 2010.
[41] N. Inomata, M. Toda, M. Sato, A. Ishijima, and T. Ono. Pico calorime-
ter for detection of heat produced in an individual brown fat cell. Ap-
plied Physics Letters, 100(15):154104–154104, 2012.
[42] CM Jha, G. Bahl, R. Melamud, SA Chandorkar, MA Hopcroft, B. Kim,
M. Agarwal, J. Salvia, H. Mehta, and TW Kenny. Cmos-compatible
dual-resonator mems temperature sensor with milli-degree accuracy.
In Solid-State Sensors, Actuators and Microsystems Conference, 2007.
TRANSDUCERS 2007. International, pages 229–232. IEEE, 2007.
[43] K. Ren, P. Kao, M.B. Pisani, and S. Tadigadapa. Monitoring biochemi-
cal reactions using y-cut quartz thermal sensors. Analyst, 136(14):2904–
2911, 2011.
[44] WL Smith and WJ Spencer. Quartz crystal thermometer for measur-
ing temperature deviations in the 10−3 to 10−6 ◦C range. Review of
Scientific Instruments, 34(3):268–270, 1963.
120 T. Larsen
Bibliography
[45] J.G. Webster. The measurement, instrumentation, and sensors hand-
book. Springer, 1999.
[46] W. Riethmuller and W. Benecke. Thermally excited silicon microactu-
ators. Electron Devices, IEEE Transactions on, 35(6):758–763, 1988.
[47] X. Yu, Y. Yi, S. Ma, M. Liu, X. Liu, L. Dong, and Y. Zhao. Design
and fabrication of a high sensitivity focal plane array for uncooled IR
imaging. Journal of Micromechanics and Microengineering, 18:057001,
2008.
[48] J.H. He, S. Singamaneni, C.H. Ho, Y.H. Lin, M.E. McConney, and V.V.
Tsukruk. A thermal sensor and switch based on a plasma polymer/ZnO
suspended nanobelt bimorph structure. Nanotechnology, 20:065502,
2009.
[49] S. Timoshenko et al. Analysis of bi-metal thermostats. J. Opt. Soc.
Am, 11(3):233–255, 1925.
[50] James F . Shackelford and William Alexander. CRC Materials Science
and Engineering Handbook. CRC Press, 2000.
[51] N. Jung and S. Jeon. Nanomechanical thermal analysis with silicon
cantilevers of the mechanical properties of poly (vinyl acetate) near the
glass transition temperature. Macromolecules, 41(24):9819–9822, 2008.
[52] Silvan Schmid. Electrostatically Actuated All-Polymer Microbeam Res-
onators - Characterization and Application, volume 6 of Scientific Re-
ports on Micro and Nanosystems. Der Andere Verlag, 2009.
[53] S. Schmid, S. Ku¨hne, and C. Hierold. Influence of air humidity on
polymeric microresonators. Journal of Micromechanics and Microengi-
neering, 19:065018, 2009.
[54] R. Feng and R.J. Farris. Influence of processing conditions on the
thermal and mechanical properties of su8 negative photoresist coatings.
Journal of Micromechanics and Microengineering, 13:80, 2003.
[55] W. Weaver, S. P. Timoshenko, and D. H. Young. Vibration problems
in engineering. 1990.
[56] M.H. Bao. Analysis and design principles of MEMS devices. Elsevier
Science, 2005.
[57] A. Boisen, S. Dohn, S.S. Keller, S. Schmid, and M. Tenje. Cantilever-
like micromechanical sensors. Reports on Progress in Physics,
74:036101, 2011.
T. Larsen 121
Bibliography
[58] J. Zacharias. The temperature dependence of Young’s modulus for
nickel. Physical Review, 44(2):116, 1933.
[59] FC Nix and D. MacNair. The thermal expansion of pure metals: copper,
gold, aluminum, nickel, and iron. Physical Review, 60(8):597, 1941.
[60] Y. Okada and Y. Tokumaru. Precise determination of lattice parameter
and thermal expansion coefficient of silicon between 300 and 1500 K.
Journal of Applied Physics, 56(2):314–320, 1984.
[61] S. Schmid, KD Jensen, KH Nielsen, and A. Boisen. Damping mecha-
nisms in high-Q micro and nanomechanical string resonators. Physical
Review B, 84(16):165307, 2011.
[62] Marc Madou. Fundamentals of Microfabrication. CRC Press, 1997.
[63] S.S. Verbridge, H.G. Craighead, and J.M. Parpia. A megahertz nanome-
chanical resonator with room temperature quality factor over a million.
Applied Physics Letters, 92(1):013112, 2008.
[64] S. Schmid and C. Hierold. Damping mechanisms of single-clamped and
prestressed double-clamped resonant polymer microbeams. Journal of
Applied Physics, 104(9):093516–093516, 2008.
[65] P.M. Sarro. Silicon carbide as a new MEMS technology. Sensors and
Actuators A: Physical, 82(1-3):210–218, 2000.
[66] K.M. Jackson. Fracture strength, elastic modulus and Poisson’s ratio
of polycrystalline 3C thin-film silicon carbide found by microsample
tensile testing. Sensors and Actuators A: Physical, 125(1):34–40, 2005.
[67] XMH Huang, XL Feng, CA Zorman, M. Mehregany, and ML Roukes.
VHF, UHF and microwave frequency nanomechanical resonators. New
Journal of Physics, 7:247, 2005.
[68] K.R. Williams, K. Gupta, and M. Wasilik. Etch rates for micromachin-
ing processing—part II. JOURNAL OF MICROELECTROMECHAN-
ICAL SYSTEMS, 12(6):761, 2003.
[69] Technical report.
[70] K.Y. Yasumura, T.D. Stowe, E.M. Chow, T. Pfafman, T.W.
Kenny, B.C. Stipe, and D. Rugar. Quality factors in micron-and
submicron-thick cantilevers. Microelectromechanical Systems, Journal
of, 9(1):117–125, 2000.
[71] TS Biswas, A. Suhel, BD Hauer, A. Palomino, KSD Beach, and
JP Davis. High-q gold and silicon nitride bilayer nanostrings. Applied
Physics Letters, 101(9):093105–093105, 2012.
122 T. Larsen
Bibliography
[72] DR Southworth, LM Bellan, Y. Linzon, HG Craighead, and JM Parpia.
Stress-based vapor sensing using resonant microbridges. Applied
Physics Letters, 96:163503, 2010.
[73] D.J. Joe, Y. Linzon, V.P. Adiga, R.A. Barton, M. Kim, B. Ilic,
S. Krylov, J.M. Parpia, and H.G. Craighead. Stress-based resonant
volatile gas microsensor operated near the critically buckled state. Jour-
nal of Applied Physics, 111(10):104517, 2012.
[74] W. J. Riley. Handbook of frequency stability analysis. Technical report,
National Institute of Standards and Thechonolgy, 2008.
[75] K. L. Ekinci, Y. T. Yang, and M. L. Roukes. Ultimate limits to inertial
mass sensing based upon nanoelectromechanical systems. Journal of
Applied Physics, 95(5):2682–2689, 2004.
[76] S. Schmid, S. Dohn, and A. Boisen. Real-time particle mass spectrom-
etry based on resonant micro strings. Sensors (Basel, Switzerland),
10(9):8092, 2010.
[77] H. Sadeghian, C.K. Yang, K.B. Gavan, J.F.L. Goosen, E.W.J.M.
van der Drift, H.S.J. van der Zant, A. Bossche, P.J. French, and F. van
Keulen. Some considerations of effects-induced errors in resonant can-
tilevers with the laser deflection method. Journal of micromechanics
and microengineering, 20:105027, 2010.
[78] V. Pini, J. Tamayo, E. Gil-Santos, D. Ramos, P. Kosaka, H.D. Tong,
C. van Rijn, and M. Calleja. Shedding light on axial stress effect on
resonance frequencies of nanocantilevers. ACS nano, 2011.
[79] N. Umeda, S. Ishizaki, and H. Uwai. Scanning attractive force mi-
croscope using photothermal vibration. Journal of Vacuum Science &
Technology B: Microelectronics and Nanometer Structures, 9(2):1318–
1322, 1991.
[80] O. Marti, A. Ruf, M. Hipp, H. Bielefeldt, J. Colchero, and J. Mlynek.
Mechanical and thermal effects of laser irradiation on force microscope
cantilevers. Ultramicroscopy, 42:345–350, 1992.
[81] M. Vassalli, V. Pini, and B. Tiribilli. Role of the driving laser position
on atomic force microscopy cantilevers excited by photothermal and
radiation pressure effects. Applied Physics Letters, 97:143105, 2010.
[82] S. Hyun, WL Brown, and RP Vinci. Thickness and temperature depen-
dence of stress relaxation in nanoscale aluminum films. Applied physics
letters, 83:4411, 2003.
T. Larsen 123
Bibliography
[83] H.J. Lee, P. Zhang, and J.C. Bravman. Stress relaxation in free-
standing aluminum beams. Thin Solid Films, 476(1):118–124, 2005.
[84] BA Samuel and MA Haque. Room temperature relaxation of free-
standing nanocrystalline gold films. Journal of Micromechanics and
Microengineering, 16:929, 2006.
[85] X. Yan, WL Brown, Y. Li, J. Papapolymerou, C. Palego, JCM Hwang,
and RP Vinci. Anelastic stress relaxation in gold films and its impact
on restoring forces in MEMS devices. Microelectromechanical Systems,
Journal of, 18(3):570–576, 2009.
[86] J.I. Gersten and F.W. Smith. The physics and chemistry of materials.
Wiley New York, 2001.
[87] C. Buzea, I.I. Pacheco, and K. Robbie. Nanomaterials and nanoparti-
cles: sources and toxicity. volume 2, pages MR17–MR172. AVS, 2007.
[88] T. Kuhlbusch, C. Asbach, H. Fissan, D. Go¨hler, and M. Stintz.
Nanoparticle exposure at nanotechnology workplaces: A review. Par-
ticle and Fibre Toxicology, 8.
[89] S. Schmid and A. Boisen. Resonant filter fibres for aerosol particle mass
sensing. European Patent Number: 11187856.72012.
[90] S. Dohn, R. Sandberg, W. Svendsen, and A. Boisen. Enhanced function-
ality of cantilever based mass sensors using higher modes and function-
alized particles. In Solid-State Sensors, Actuators and Microsystems,
2005. Digest of Technical Papers. TRANSDUCERS’05. The 13th In-
ternational Conference on, volume 1, pages 636–639. IEEE, 2005.
[91] A. Hartstein, JR Kirtley, and JC Tsang. Enhancement of the infrared
absorption from molecular monolayers with thin metal overlayers. Phys-
ical Review Letters, 45(3):201–204, 1980.
[92] Z. Zhang and T. Imae. Study of surface-enhanced infrared spec-
troscopy:: 1. dependence of the enhancement on thickness of metal
island films and structure of chemisorbed molecules. Journal of colloid
and interface science, 233(1):99–106, 2001.
[93] B. Jin, W.J. Bao, Z.Q. Wu, and X.H. Xia. In situ monitoring of pro-
tein adsorption on a nanoparticulated gold film by attenuated total re-
flection surface-enhanced infrared absorption spectroscopy. Langmuir,
2012.
[94] Karl Johan A˚stro¨m and Richard M. Murray. Feedback Systems: An
Introduction for Scientists and Engineers. Princeton University Press,
2008. Chapter 10.
124 T. Larsen
